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Microalgal biomass is a promising source for food, feed, cosmetics and bulk chemicals and 
biofuels. Algal cells utilize carbon dioxide, light energy and inorganic nutrients for their 
reproduction which makes them an attractive and environmentally friendly resource. Compared 
to terrestrial plants, they do not require arable land or freshwater supply. Microalgae cultivation, 
however, is not yet efficient at large scale [1]. Traditional open raceway ponds offer an easy 
and economical cultivation, however, the cultivation conditions are not controlled, cultures 
might get contaminated, and only low biomass densities can be achieved [2, 3]. In contrast, 
closed photobioreactors offer increased biomass productivities and elevated biomass 
concentrations because of better control of cultivation conditions and increased area to volume 
ratio. But these benefits come at a cost because closed photobioreactors require more capital 
expenses and often require more energy for operation [3]. The most common large-scale closed 
photobioreactor types are flat panel and tubular photobioreactors. Currently, large scale 
production is only feasible for high value products. For the production of bulk chemicals or 
commodities, the operation and installation costs of photobioreactors have to be reduced [1]. 
1.1 Limitations of current production systems  
The greatest limitations of current large-scale photobioreactors lies in the low biomass density 
achieved [4, 5]. The biomass density generally is below 3 g L-1, even during cultivation in 
closed photobioreactors [6]. Low density algal suspensions are difficult to harvest due to the 
small size of the algal cells, and the similar density of the cells and growth medium [7]. Several 
methods have been developed for harvesting of the algal cells. These methods include 
centrifugation, sedimentation, flocculation, flotation and filtration. These technologies are 
specific for algal strains and biomass concentrations. Generally, a combination of these methods 
is applied; biomass thickening followed by a dewatering step to achieve a concentrated biomass 
paste [8]. Harvesting accounts for 20-50% of the algal biomass costs [7]. In addition to the high 
harvesting costs, low biomass concentrations also involve processing of large liquid volumes, 
increasing the costs for pumping, mixing, and water intake and discharge. 
A photosynthetically growing algal culture requires carbon dioxide (CO2), and oxygen (O2) 
needs to be removed from the photobioreactor. Both O2 and CO2 transfer require gassing and 
mixing and, as such, lead to high operational energy requirements [9, 10]. Tubular 
photobioreactors have poor mass transfer characteristics [3] and the accumulation of O2 might 
become a problem [3]. Flat panel photobioreactors can achieve better mass transfer capacity at 
the expense of high aeration rates [10]. Reduced aeration rates could account for 50% reduction 
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in energy use for biomass production [6]. Therefore, increased CO2 and O2 transfer rates would 
contribute to more efficient photobioreactors. 
1.2 Concepts for improved photobioreactor design  
In order to produce biomass at high densities, photobioreactors with reduced light path are 
required. A short light path can be translated to a high illuminated surface to volume ratio 
(SVR), which also contributes to reduced dark volume fractions caused by microalgal self-
shading. Dark zones in a photobioreactor will lower biomass productivity because of respiration 
(i.e. cellular maintenance), and handling this extra liquid volume represents energy costs. An 
alternative way to achieve a high SVR and eliminate light gradients in photobioreactors is to 
apply internal illumination [11]. A high SVR can also lead to light dilution, since the light 
falling on the reactor can be distributed over a larger surface [9]. Reducing the irradiance by 
applying light dilution can prevent oversaturation of the microalgal photosystem and can protect 
algal cells for photoinhibition.  
Foams are characterized with low liquid fractions because part of the reactor volume is filled 
with a gas phase. Therefore, foams can be beneficial as a growth matrix for algal cells for 
efficient biomass production, since they offer an increased SVR and a reduced light absorption 
path. In addition, foams have an increased inner surface between the gas bubbles and the 
surrounding liquid phase likely improving mass transfer of CO2 and O2. In foams, the gas phase 
is entrapped in the foam bubbles, preventing the rapid rise and escape of the gas bubbles from 
the liquid phase and thus increasing the gas residence time. Liquid foams are stabilised by 
surface active molecules. These surfactants reduce the surface tension of the liquid and thereby 
allow the formation of foams when gassing the surfactant containing liquid with small gas 
bubbles. 
1.3 Characterization of liquid foams 
Liquid foams consist of gas bubbles dispersed in a continuous liquid phase. In dry foams, 
defined as liquid fractions below 5%, the gas bubbles have a polyhedral shape. Between two 
bubbles a thin film is present, and at the junction of three bubbles so-called Plateau borders are 
formed. The junction of four Plateau borders is called a node. The structure of dry foams is 
presented in Figure 1.1. Most liquid in these dry foams reside in the Plateau borders and nodes. 
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Figure 1.1. Structure of dry foams. 
At high liquid fractions (>15%), foams are referred as wet and the gas bubbles are nearly 
spherical. Above a certain liquid fraction, bubbles are not closely packed anymore and can 
move freely. This state is called bubbly liquid instead of foam. The maximal liquid fraction of 
foams before the bubbly liquid state is reached is 36% for monodisperse foam with homogenous 
bubble size, and 26% for polydisperse foam with a diverse bubble size distribution [12]. Foams 
can be formed by introducing gas into water containing surfactants, by e.g. shaking, mixing, 
gas sparging or via chemical/biological reactions [13]. Surfactant molecules will attach to the 
gas-liquid interfaces by orientating their hydrophilic head to the liquid phase and the 
hydrophobic tail to the gas phase. Foamability of a solution is influenced by the surface tension 
of the solution, the diffusion rate of surfactant molecules towards the interphase, and the 
absorption rate of the surfactant at the interfaces [14]. The thin films of foams are stabilized by 
steric, hydration, and hydrophobic repulsion forces. In case of ionic surfactants also 
electrostatic forces play a role [14].  
Foam destabilization takes place as a result of liquid drainage due to gravity, coarsening, and 
coalescence. During coarsening, diffusional gas exchange takes place between adjacent bubbles 
because of pressure differences in the bubbles. Coarsening leads to a change in the bubble size 
distribution which also affects liquid drainage. Coalescence is the process where the thin liquid 
films between bubbles break leading to bubble growth and foam collapse. Next to these 
mechanisms, the drainage of foams and foam stability is also influenced by the addition of 
particles. Particle size, shape, and hydrophobicity are determining whether foam drainage is 
slowed down or accelerated [14]. Liquid drainage has a great influence on the liquid fraction 
profile of the foam: far away from the foaming solution, dry foam is present, while the foam is 
wet close to the interface where the foam is formed [12]. Figure 1.2 shows a picture of a foam 
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under gravitational drainage where this liquid fraction gradient is observable. The white and 
opaque colour of foam in Figure 1.2 is due to light scattering on the multiple gas-liquid 
interfaces of the foams. 
 
Figure 1.2. Picture of a rising foam column. The foam near the interface with the foaming solution is wet and 
composed of spherical bubbles, while at the top of the foam column dry foam with polyhedral bubbles are present. 
1.4 Overview of the application of foam-bed reactors 
Foam-bed reactors are known for the physical-chemical treatment of gases [15]. Although 
foam-beds are not yet applied in industry, continuous research is being conducted in this field. 
These reactor types are advantageous for contaminant removal of gas streams because of their 
increased interfacial area. Due to the large interfacial area, high mass transfer rates can be 
achieved, facilitating the absorption of compounds from the gas phase to the liquid phase. In 
the liquid phase, these compounds are absorbed and can be modified via chemical reactions. 
Next to large interfacial area, foam-beds are advantageous because they offer a low pressure 
drop and increased contact time between the gas and liquid phases [16-18]. Foam-beds can also 
be operated as bioreactors. Similarly to foam-beds for chemical treatments, bioactive foam 
reactors are also used for contaminant removal of gas streams. However, instead of chemical 
reaction of the absorbed pollutants, the microorganisms dispersed in the foam phase are 
responsible for the degradation [19]. The degrading microorganisms are actively growing at 
high cell density in the liquid phase of the foams. When microorganisms are applied, a 
biocompatible surfactant is required. Also for these biological foam-beds the advantage relies 
on the increased surface area of the foam leading to high pollutant removal rates. The absorption 
of organic pollutants can be further facilitated by the introduction of an organic-phase dispersed 
in the liquid phase of the foam as an emulsion [20, 21]. 
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1.5 The foam-bed photobioreactor concept 
A liquid foam-bed can also be applied for the cultivation of microalgal cells. In this thesis, the 
application of a foam-bed photobioreactor for microalgae cultivation is evaluated for the first 
time. This novel idea of a foam-bed photobioreactor provides an alternative cultivation system 
next to traditional reactors. In a liquid foam-bed photobioreactor, foams are formed by 
distributing CO2-enriched gas into a surfactant-containing microalgae solution. Due to the 
continuous gas supply, the foam level rises inside the reactor. Microalgal cells reside in the thin 
films, Plateau borders and nodes of the generated foams, while the CO2 enriched gas phase is 
entrapped within the gas bubbles. A picture of a rising, microalgae-enriched, foam column is 
presented in Figure 1.3. During photoautotrophic microalgal growth on light, simultaneous CO2 
uptake and O2 production takes place. After a certain time period, the gas bubbles have to be 
broken and reformed because of CO2 depletion and O2 enrichment. Therefore, the rising foam 
has to be continuously broken at the top of the reactor. After foam breakage, the gas released 
from the collapsed bubbles is allowed to escape to the environment, while the microalgal 
suspension liberated from the broken foam is incorporated again in freshly formed foam. 
 
Figure 1.3. Picture of a bench-scale foam column containing microalgae illuminated by white LED lamps. 
 
 15 
 
1.6 Advantages of the liquid foam-bed photobioreactor 
Foam-bed photobioreactors own several advantages over traditional, liquid phase based 
cultivation systems. Due to the low liquid fraction of foams, the light path over which light 
absorption takes place can be severely reduced in foam-beds. At the same irradiance, a 
reduction of the light absorption path enables cultivation at higher biomass densities. Flat panel 
reactors typically have an optical depth of a few centimetres. When such a flat panel reactor is 
filled with foam, the light absorption path can be as short as a few millimetres. Generally, the 
liquid fraction of the foam is around 5%, which can theoretically result in a 20 times increase 
in biomass concentration [22]. This increase in biomass concentration allows for a dramatic 
reduction in the downstream processing costs. Additionally, the energy requirement for gas 
supply to the reactor will decrease because of the low hydrostatic pressure of the foam. This 
low pressure drop also contributes to reduced requirements for supporting material, which 
might lead to reduced construction costs of foam-bed reactor systems. Another benefit of the 
application of foam-bed photobioreactors lies in the improved gas transfer characteristics. The 
high transfer rate of O2 and CO2 between the gas and liquid phases is due to the high interfacial 
area of the foam-bed. Therefore, the gas supply rates can be severely reduced, leading to 
reduction in the operational costs of the reactor. Additionally, the CO2 uptake efficiency is 
increased in foam-beds because of the increased residence time of the gas phase inside the 
reactor. 
1.7 Aim and outline of this thesis 
The aim of this thesis was the development of a liquid foam-bed photobioreactor for microalgae 
cultivation. We aimed to maximize reactor productivity and process duration by improvements 
in reactor design, where we gave special attention to foam formation and foam break up. 
Additionally, our goal was to characterize the potential of this novel cultivation concept in a 
theoretical model, which can serve as a basis for further optimization and scale-up of foam-bed 
photobioreactors. 
In Chapter 2 the proof-of-principle of the foam-bed photobioreactor concept is described. In 
that study, we determined whether microalgae cultivation in liquid foam-beds is possible. For 
the development of a practical and operative reactor design, foam formation and foam break up 
were studied in detail. In order to break the foam, different foam breaking methods were 
compared and evaluated. As a foam stabilizing agent, bovine serum albumin (BSA) was applied 
because it is a natural, non-toxic protein with good foaming capacity. Foam formation was 
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optimized by testing different gas flow rates and surfactant concentrations. We demonstrated 
that algae grew rapidly in BSA stabilized foam but this protein is not suitable for long term 
algal cultivation due to its rapid degradation. 
In Chapter 3, the selection of a suitable foam stabilizing agent that can enable long term foam 
formation is presented. Different surfactants have different stabilities and the type of surfactant 
determines the properties of the formed foams and the microalgae content of the foam. In 
addition, surfactants potentially can be toxic to microalgae and inhibit their growth. Therefore, 
we first determined the most important criteria that good foam stabilizing agents have to meet. 
Afterwards, different surfactants were compared according to these criteria, and the best 
surfactant was selected for the foam-bed photobioreactor. 
In Chapter 4, we describe the application of the best surfactant selected in Chapter 3 for 
microalgae cultivation in an improved foam-bed photobioreactor. In order to optimize reactor 
operation, the foam-bed photobioreactor was completely re-designed. We characterized reactor 
performance in terms of mixing, light distribution, mass transfer, pressure drop and 
productivity. The improved lab-scale foam-bed photobioreactor enabled long-term microalgae 
cultivation at high biomass densities. 
In Chapter 5 we present a model study on the potential of liquid foam-bed photobioreactors. 
We modelled the productivity of the reactor and determined the effect of different operational 
parameters on productivity and biomass specific operational energy requirements. The model 
gave detailed insight in the liquid fraction gradient, light distribution, and mass transfer in the 
liquid foam-bed. Additionally, the productivity and energy requirements of foam-bed 
photobioreactors could be evaluated and compared to traditional flat panel cultivation systems. 
In Chapter 6 the achieved results are discussed and further improvements of reactor design are 
proposed. Additionally, the design of large scale, outdoor foam-bed photobioreactors is 
discussed. The most important issues related to scale-up, such as foam formation and break up, 
re-use of surfactants, reactor material choice and control strategies such as foam level and 
temperature control are evaluated in detail. In addition, our results are compared with the most 
recent developments in photobioreactor design. 
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Chapter 2   
A liquid foam-bed photobioreactor for microalgae 
production 
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Abstract 
A novel concept of cultivating microalgae in liquid foam was developed with the intention of 
reducing biomass production costs. This cost reduction is based on reduced harvesting costs 
due to high biomass densities, and reduced energy requirements due to improved mass transfer 
and lower pressure drop in the foam-bed photobioreactor. Foam generation could be controlled 
by adding foaming agents and employing homogenous gas distribution at the bottom of the 
photobioreactor. In order to refresh the gas phase entrapped in the bubbles, and ensure sufficient 
CO2 for microalgal growth, different foam break-up methods were evaluated. A packed bed 
filled with large hydrophobic beads resulted in efficient foam break-up at minimal pressure 
drop. It was shown that microalgae (Chlorella sorokiniana) can grow in the liquid channels of 
liquid foams stabilised by the protein Bovine Serum Albumin, and that the culture can withstand 
the physical processes of foam formation and foam break-up. An average growth rate of 0.10 
h-1 was observed. The quantum yield of photosystem II photochemistry remained maximal 
during the reactor runs, indicating that photosynthesis was not impaired. The results obtained 
show that cultivation of microalgae in liquid foams is a promising new concept. 
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2.1 Introduction 
The production of useful substances of algal origin, including specialities for food and 
aquaculture as well as biofuels and bulk chemicals, requires energy-efficient and economically 
profitable cultivation systems [1-3]. Many studies highlighted the importance of 
photobioreactor design and operation as major factors influencing production costs [4-7]. The 
goal of this study is therefore the development of a novel microalgae cultivation system that 
could enable economically feasible microalgae cultivation by reducing biomass production 
costs. The major factors that determine the practical application of photobioreactors is rapid 
and energy-efficient transfer of carbon dioxide and oxygen [8], the dewatering of the harvested, 
dilute microalgal cultures [9], and the high energy input for aeration [10]. In this study a foam-
bed photobioreactor with high gas holdup was developed since increased gas holdup results in 
both increased mass transfer and lower pressure drop. In addition, the foam-bed photobioreactor 
supports increased biomass concentration due to the thin liquid layers between the foam bubbles 
reducing microalgal self-shading. The concept of growing microalgae in liquid foam-bed 
photobioreactors is an innovative idea in the field of microalgae cultivation [11]. 
In a foam-bed reactor small gas bubbles are passed through a thin liquid layer resulting in foam 
generation. The liquid is either self-foaming or contains a foam stabilising agent. Thus, the 
culture is composed of a thin liquid layer at the bottom of the reactor with a large volume of 
foam exposed to (sun)light, above it. Due to the continuous gas supply, the generated foam 
bubbles rise. Simultaneously, the liquid film separating adjacent gas bubbles is continuously 
draining downwards due to gravity.  
This novel concept has several potential advantages over traditional cultivation systems. First, 
when  adopting flat-panel photobioreactors in combination with a liquid foam-bed the light path 
in the liquid film in the foam over which light absorption takes place is in the order of a few 
millimetres only. Consequently, the biomass concentration can be increased with an order of 
magnitude (≥ 10 g L-1 )  compared to liquid-filled flat-panel reactors, thereby reducing 
downstream processing costs with the same factor. Furthermore, a foam-bed reactor only 
contains a limited water volume (about 5% v/v) resulting in a low pressure drop relative to the 
height of the photobioreactors. Therefore, the concept might enable energy reduction on gassing 
due to the low pressure drop present in the reactor. Besides, due to the low pressure drop in the 
reactor, the carrier capacity of the structure supporting the photobioreactors can be reduced 
considerably, thereby lowering construction costs of large-scale systems. Also, the high 
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interfacial area created between the gas and water with microalgae contributes to the reduced 
energy requirement of the foam-bed reactor. The high interfacial area results in a high transfer 
capacity for both oxygen and carbon dioxide. Finally, the residence time of the gas in the 
photobioreactor is increased by orders of magnitude since the gas is entrained within the liquid 
films of the foam. This leads to a much more efficient use of carbon dioxide. 
Foam-bed reactors for chemical-physical treatment of gases are known. Owing to the  enhanced 
mass transfer capacity and low pressure drop of these systems, efficient contaminant removal 
of gas streams is possible. In these reactor systems, components of the gas move from the gas 
bubbles to the thin liquid films, followed by a chemical reaction in the liquid phase of the foam 
[12-14]. Foam-bed reactors are also used as bioreactors for contaminant removal from gas 
streams [15-20]. In these systems the pollutant-degrading microorganisms are grown in the thin 
liquid films in the foams. The performance of foamed emulsion bioreactors (a type of foam-
bed bioreactor, where organic phase emulsion and pollutant-degrading microorganisms are 
foamed and the resulting gas bubbles contain the pollutant) exceed the performance of any other 
reactor system for air pollutant control [16]. These reactors rely on high density cultivation of 
microorganisms in order to reach high removal rates, increased gas-liquid interfacial area 
provided by the foams, and elimination of clogging problems compared to immobilized beds 
[16]. 
For the design of a foam-bed reactor, foam formation and foam break-up are fundamental. The 
properties of the formed foams are dependent on the gas distributer design, as it influences the 
bubble size of the foam. More specifically, if the gas distributor creates smaller bubbles, more 
stable and wet foam will be formed [21]. In contrast, larger bubbles will rise faster to the surface 
and collapse more rapidly [22]. Besides gas distribution, also the gas flow rate and surfactant 
concentrations play key roles in determining the foam properties.  
In order to support maximal microalgae production in a foam-bed photobioreactor, the CO2 
supply must be sufficient. For this reason, the foam bubbles have to be broken in order to refresh 
the entrapped gas. Ideally, a foam bubble ruptures just before the carbon dioxide is depleted, 
and/or oxygen builds up to inhibiting levels. For inducing foam break-up, various methods have 
been reported in literature. The simplest method is spontaneous, self-break-up of the foam [18]. 
This method is based on natural destabilisation mechanisms, including foam drainage, 
coalescence, and coarsening. Liquid drainage from the foam is caused by gravity and causes 
thinning of the liquid films between bubbles. This thinning can lead to film rupture, resulting 
                Chapter 2 
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in coalescence of the neighbouring bubbles. Coarsening takes place due to gas diffusion from 
the small bubbles to the larger ones, due to the pressure difference inside them. All these 
processes can result in bubble growth and eventually to foam destabilisation [23]. 
Another, commonly used method is the use of chemical antifoams or defoamers [12, 24-27]. 
These methods are efficient in destroying and controlling foams, but in several cases they 
cannot be used. For instance, the antifoaming agents can adsorb to cell surfaces and 
consequently inhibit growth of the microorganism, they can cause contamination, reduce mass 
transfer, and exhibit adverse effect on downstream processing of the product (e.g. separation, 
purification) [28-30]. Foam breaking by mechanical means is free of such problems, however, 
substantial power is required for the operation of the devices [30]. Mechanical methods are 
mainly based on shear forces [28], or on centrifugal forces [31], and they include spraying liquid 
on the foam [16, 20, 32] or breaking the foam by rotating parts [21, 29, 33]. Mechanical and 
ultrasonic vibrations are also often used [28]. Compared to chemical or mechanical foam 
breaking methods, a foam eliminating net [34] can reduce the operational costs and the 
contamination of the media can be prevented. Together, these studies highlight the variety of 
possibilities for foam break-up, which is a crucial factors in establishing and further improving 
foam-bed reactor systems. 
This study aims to develop a liquid foam-bed photobioreactor for microalgal growth with 
continuous foam formation and foam break-up. For that, optimal foam formation settings were 
experimentally defined and also an efficient foam break-up method was developed. 
Furthermore, the possibility of microalgal growth in protein stabilised foams was evaluated. In 
order to assess whether microalgae are able to withstand the shear stresses involved in foam 
formation and break-up, the biomass concentration and the quantum yield of photosystem II 
photosystem were monitored.  
2.2 Materials and Methods 
2.2.1 Experimental set-up 
The experimental set-up consisted of a foam-bed photobioreactor, a foam breaker column and 
a recirculation pump (Figure 2.1). The foam-bed photobioreactor itself consisted of a flat panel 
reactor chamber and an adjacent water chamber for temperature control. The reactor had a 
height of 40 cm, and a width of 20 cm. The reactor had a depth of 2.7 cm and the reactor volume 
was approximately 2.2 L. The reactor had round edges on the top in order to avoid foam to 
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accumulate and remain there. The reactor plates were made of glass and the reactor fame was 
made of polyether ether ketone (PEEK). The glass plates were treated with a solution of 
concentrated sulfuric acid (98 wt.%)  and hydrogen peroxide solution (30 wt.%) in a 3:1 ratio. 
This solution cleaned the glass surface and rendered it hydrophilic; a contact angle of 12° was 
reported [35]. The cleaned glass plates were washed with distilled water. The contact of the 
foam with hydrophilic walls, as opposed to hydrophobic surfaces, had a positive effect on foam 
stability inside the reactor, enabling faster foam rise and reducing the extent of coalescence at 
the walls.  
The inlet gas was composed of  5.5 v/v % carbon dioxide in nitrogen gas and was supplied with 
a total flow rate of 614 NmL min-1 by mass flow controllers (Brooks Instrument B.V. Model 
5850S). This gas was filtered with 0.2 µm filters (Whatman Polyvent 500) prior to entering the 
reactor. The filtered gas was distributed through a stainless steel gas distributor with small 
conical holes (30 µm and 100 µm hole diameter on the top and the bottom of the cone, 
respectively). The gas distributing plate was placed on the bottom of the reactor, enabling 
bubble formation over 40% of the cross sectional area in order to ensure good mixing and avoid 
microalgae settling. The gas distributor created a large number of small, homogenous bubbles 
stimulating continuous foam formation. The foam rising to the top of the reactor was allowed 
to leave through three outlets (0.9 cm diameter) and was led to the foam breaker device via 
silicone tubing with 0.8 cm diameter. These three separate outlets (2 at the sides and one in the 
middle) were required in order to avoid foam to accumulate and remain in the reactor. 
As a foam breaker device, a packed bed column filled with hydrophobic beads was established. 
The internal diameter of the glass column was 5 cm and it had a volume of 216 mL. The glass 
surface was rendered hydrophobic by applying a coating called Sigmacote (Sigma-Aldrich). 
The hydrophobic beads had an average diameter of 6.3 mm and were made of 
polytetrafluoroethylene (PTFE) produced by FTL Technology, and they were mixed with 
polydimethylsiloxane (PDMS) cubes of approximately the same size. The PDMS cubes were 
fabricated from a Silicone Elastomer Kit (Sylgard 184 Silicone Elastomer and curing agent, 
Dow Corning) and the ratio of the base monomers and the curing agent was 10:1. After mixing 
and eliminating the gas bubbles, the mix was poured in a glass petri dish. The PDMS was cured 
for 1 hour in the oven at 80°C. After cooling overnight, the PDMS sheet was removed from the 
petri dishes and placed in the oven at 60°C for overnight. This PDMS slab was afterwards cut 
to small pieces with a sharp knife. 
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After the foam entered from the top into the foam breaker, it was led through the packed bed 
column and subsequently ended up in a vessel for gas-liquid separation, as depicted in Figure 
2.1. The liquid was pumped back to the reactor by a peristaltic pump. The liquid volume in the 
photobioreactor was controlled by avoiding evaporation or condensation inside the reactor. The 
nitrogen gas was humidified by leading it through a 4 mm inner diameter tubing to the bottom 
of a 500 mL water bottle kept at 2°C. Dry CO2 gas was mixed with the humidified N2 gas before 
entering the reactor. The gas left the reactor through a condenser maintained at 2°C. 
A pH and temperature sensor were incorporated in the reactor. The temperature sensor was 
placed at the top of the reactor, measuring the temperature of the upper third part of the foam. 
The pH was measured within the foam-bed at the bottom just above the bulk liquid level. The 
pH was not controlled but it remained 6.7±0.3 throughout the experiments. The culture 
temperature was maintained at 37 oC by controlling the temperature in the water jacket by 
recirculating the water through a water bath. The reactor was illuminated from one side by two 
warm-white LED floodlights with a 45 mil Bridgelux LED chip, stacked on top of each other 
providing an intensity of 334 ±16 μmol PAR photons m-2 s-1 across the reactor surface. Pictures 
of the foam-bed photobioreactor are presented in Figure 2.2. 
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Figure 2.1. Schematic overview of the foam-bed photobioreactor. Gas is fed at the bottom of the reactor via a gas 
distributor plate, releasing fine gas bubbles into the bulk liquid, continuously creating foam. The foam leaves the 
reactor on the top and is then transported towards the foam breaker. After break-up of the foam the separated liquid 
and gas phase end up in a collector vessel from where the gas leaves through the condenser and the liquid is  
pumped back into the reactor. 
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Figure 2.2. Picture of the foam in the foam-bed reactor containing microalgae. 
2.2.2 Microalga and growth medium 
Chlorella sorokiniana strain CCAP 221/8K was obtained from the Culture Collection of Algae 
and Protozoa (CCAP, Oban, Scotland). C. sorokiniana was grown in shake flasks, on a media 
based on 3 times concentrated M8a media [36], containing the following nutrients: urea 60 mM, 
KH2PO4 7.88 mM, Na2HPO4.2H2O 2.12 mM, MgSO4.7H2O 4.87 mM, CaCl2.2H2O 0.26 mM, 
EDTA ferric sodium salt 948 µM, Na2EDTA.2H2O 300 µM, H3BO3 3 µM, MnCl2.4H2O 196.76 
µM, ZnSO4.7H2O 33.39 µM, CuSO4.5H2O 21.99 µM. After the addition of all nutrients, the 
pH was adjusted with NaOH to pH 6.7. The same medium supplemented with 5 mM NaHCO3, 
(after setting of the pH), was used for both the pre-cultivation and the foam-bed photobioreactor 
experiments.  
The inoculum for the foam-bed photobioreactor was pre-grown in an airlift flat-panel 
photobioreactor, as described by de Mooij et al. [37]. This reactor was operated continuously 
with a dilution rate of 0.106 h-1. The pH was controlled at 6.7 by CO2 addition. The incident 
light intensity was 1400 μmol photons m-2 s-1. This ensured an exponentially growing algal 
culture acclimated to high light intensities, thereby avoiding a lag phase during growth in the 
foam-bed photobioreactor. To inoculate this photobioreactor, cultures cultivated in shake flasks 
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were used. These shake flasks were kept in an incubator containing 4 % CO2, operated at 37°C, 
454 μmol photons m-2 s-1 and 120 rpm. 
2.2.3 Growth experiments foam-bed photobioreactor 
Prior to the growth experiments, the reactor was autoclaved to ensure sterile operation. The 
reactor was started with 150 mL of culture medium containing 1.75 g L-1 bovine serum albumin 
(BSA, Sigma-Aldrich) as a protein-based foaming agent. This medium was inoculated with 
Chlorella sorokiniana cultures to an optical density (750 nm) of 5.6±0.7 units (equivalent to 
2.1±0.2 gram dry biomass per litre). After starting the gas supply to the reactor, the initial liquid 
present separated into two different segments: the wet foam phase and the remaining liquid 
layer on the bottom of the reactor above the gas distributing plate, referred to as the bulk liquid. 
The bulk liquid area was covered with aluminium foil to shade off light in order to avoid growth 
in that segment. Samples (2 to 3 mL) were taken each 2 hours from the reactor bulk liquid and 
were analysed for algae concentration (optical density, cell number, and cell volume 
concentration), the maximum quantum yield of PSII photochemistry (Fv/Fm), and the protein 
concentration. The temperature and pH inside the reactor were continuously monitored. The 
temperature and relative humidity of the outgoing gas was analysed at two hour intervals. The 
relative humidity of the ingoing gas was measured before the experiments using a humidity 
meter (H1, Testo Inc.). The water level and temperature of the humidifying bottle were kept 
constant, thus the initially measured humidity was representative for all the experiments. 
2.2.4 Analytical methods 
The microalgae concentration in the samples was determined by two different methods. Firstly, 
spectrophotometric analysis (DR 600 spectrophotometer from Hach Lange) was carried out. 
The measuring wavelengths employed were 680 nm and 750 nm. The second method used was 
measuring cell number and cell volume concentration with a Beckman Coulter Multisizer 3 
employing a 50μm aperture tube. The cell size distribution was determined in terms of cell 
volumes, from which the total cell volume concentration was calculated.  
The BSA protein concentration in solution was determined by the Lowry method. Prior to 
analysis, samples were centrifuged at 20,000 RCF for 10 minutes to remove algae and bacteria 
from the sample. Supernatants were stored at -24 °C until analysis. These samples were diluted 
to a protein concentration less than 1.4 g L-1. Afterwards the Bio-Rad Dc protein assay kit was 
used for the analysis. The absorbance was determined by a measurement at 750nm using the 
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Tecan M200 Plate Reader, and a calibration curve made with BSA was used to convert the 
absorbance values to concentrations expressed in g L-1. 
Maximum photosystem II quantum yield was measured based on chlorophyll fluorescence with 
the AquaPen-C AP-C 100 fluorimeter  (PSI, Czech Republic) [38]. Samples were diluted to an 
optical density (OD) at 750 nm of approximately 0.1 unit. The minimal fluorescence level was 
measured after 15 minutes incubation in the dark at a light intensity of 0.03 μmol photons m-2 
s-1 at 455 nm. The maximal fluorescence was measured after a light pulse of 3000 μmol photons 
m-2 s-1. The maximum photosystem II quantum yield (Fv/Fm) is calculated as the difference of 
the maximal fluorescence of the sample (Fm) and the  minimal fluorescence (F0), divided by the 
maximal fluorescence, resulting in (Fm-F0)/Fm. 
Properties of BSA-stabilized foam were analysed by an automated foam analyser (Foamscan, 
Teclis- IT Concept, Logessaigne, France), adapted from Lech et al. [39]. Firstly, foam is 
generated by blowing nitrogen gas through a metal frit with small conical holes (30 µm and 100 
µm hole diameter on the top and the bottom of the cone, respectively) to a glass cylinder 
containing 60 mL of surfactant solution. After the foam volume has reached 400 cm3, the gas 
flow automatically stops. The liquid volume of the solution remaining on the bottom of the 
cylinder was monitored by conductimetry. The amount of liquid incorporated in the foam was 
calculated as the difference between the initial liquid volume and the liquid volume at the 
different time points. The volume percentage of liquid within the foam will be further referred 
to as the liquid holdup of the foam. The maximal liquid holdup represents the liquid holdup of 
the foam at the moment when the foam has reached its desired height and the gas distribution 
has been terminated. The foam volume was followed in time by a camera and consequent image 
analysis. Foam stability was measured in terms of the time needed until half of the foam volume 
had collapsed, and will be further referred to as the foam half-life (t1/2). The evolution of the 
bubble sizes was monitored by image analysis. Pictures were taken each 30 seconds after the 
gas flow had stopped, at a height of 8 cm above the gas distributor. The bubble size was 
calculated by image analysis software (Foamscan), from the first picture of the static foam. The 
temperature of the glass cylinder was kept at 37 ± 2 °C in all experiments and controlled by a 
water bath. The gas flow rate for the experiments with different surfactant concentrations 
was  400 cm3 min-1, resulting in 2.4 mm s-1 superficial gas velocity. The BSA concentration for 
the experiments with different gas flow rates were 0.5  g L-1. The experiments were performed 
in duplicate. 
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2.3 Results and Discussion 
2.3.1 System design 
In this section the most important aspect of the design of the foam-bed photobioreactor are 
presented. 
2.3.1.1 Optimization of foam formation 
In this study, Bovine Serum Albumin (BSA) was selected as foam stabilising agent. This 
surfactant is biocompatible [40, 41] and has a good foaming ability [42]. Firstly, the properties 
of foams formed by different BSA concentrations and different gas flow rates were determined. 
The observed relations were then applied to select optimal conditions for the operation of the 
foam-bed photobioreactor. This optimization aimed to create a wet and homogeneous foam in 
the reactor, which could be easily destabilized in the foam-breaker.  
Initially, protein foams were analysed with an automated foam analyser (Foamscan). Foam 
stability in terms of foam volume half-life, liquid holdup of the foam, and bubble size were 
analysed as a function of BSA concentration and applied gas flow rates. In the range 
investigated, the protein concentration has more impact on bubble size, liquid holdup and foam 
stability compared to the gas flow rate. The results show that higher BSA concentrations result 
in smaller bubble sizes and more stable foams with higher liquid holdup (Figure 2.3 A, B, and 
C). These results are in agreement with other studies, and the underlying mechanism is 
described as follows. Increasing the surfactant concentration results in a lower surface tension, 
which in turn leads to a smaller bubble size, resulting in a wetter and more stable foam [21, 28]. 
Higher superficial gas velocities have similar effect: at increased gas velocities, slightly smaller 
bubbles are formed, resulting in increased foam stability and liquid holdup (Figure 2.3 D, E and 
F). At higher gas flow rates, the foam liquid holdup is increased due to the elevated upward 
liquid flux [43]. At low gas flow rates the time to reach a given volume is increased, which 
results in increased foam destabilisation. The longer time period for foam formation contributes 
to the decreased liquid holdup [44] and possibly this also adds to the decreased foam stability 
occurring at reduced gas flow rates. A closer look on the graphs presented in Figure 2.3 show 
that a decreasing bubble size goes together with a more stable and wet foam. At increased gas 
flow rates and at increased surfactant concentrations the foam appeared more homogenous, as 
also expressed by the standard deviations of the average bubble sizes (Figure 2.3 C and F).  
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Figure 2.3.  Effect of BSA concentration on the half-life of the foam (A), the maximal liquid holdup of the foam (B), 
and the average bubble radius of the foam (C). Effect of superficial gas velocity at 0.5 g L-1 BSA on the half-life of 
the foam (D), the maximal liquid holdup of the foam (E), the average bubble radius of the foam (F). 
Based on the Foamscan analysis and additional reactor trials, a superficial gas velocity of 1.9 
mm s-1 in combination with a protein concentration of 1.75 g L -1  was chosen. These settings 
were a compromise between sufficient foam stability in the foam-bed photobioreactor while 
still allowing for reasonable foam break-up. With these settings, the foam half-life is expected 
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to be between 0.5 and 1.5 hours and the foam liquid holdup approximately 5.1 to 6.4% (Figure 
2.3 A and B) when neglecting the effect of gas flow rates (as those did not had a significant 
effect above 1.8 mm s-1). The bubble size is expected to be between 0.27 and 0.42 mm (Figure 
2.3 C). 
The empty bed gas residence time is a good measure for the relative gas flow supplied to a 
foam-bed reactor and it allows for the comparison of different studies and reactors. The empty 
bed gas residence time is obtained by dividing the volume of the reactor by the volumetric gas 
flow rate entering the reactor. The empty bed gas residence time was 3.58 minutes, which is 
significantly longer than reported before for other foam-bed reactors (i.e. less than one minute) 
[16, 18-20, 32]. Our long residence time reflects reduced gassing, which may contribute to 
reduced operation costs when considering scale-up. 
2.3.1.2 Designing foam break-up  
In order to ensure efficient foam break-up in the foam-bed photobioreactor, various methods 
were experimentally tested for their suitability. These methods included bubble break-up due 
to natural destabilisation, foam centrifugation, mechanical disruption by a stirrer, and foam 
collapse due to physical contact with hydrophobic solid materials. First a brief overview of the 
approaches that were found not suitable for the foam-bed photobioreactor are listed. 
Natural foam destabilisation is a combined result of coalescence, coarsening and drainage. This 
method resulted in a dry, inhomogeneous foam, instead of the desired foam destabilisation with 
foam collapsing from the topmost layer only. A visible protein shell remained at the maximum 
foam height in the reactor, originating from the proteins that were released form the bubbles’ 
rigid stabilising films when the bubbles burst [45-47]. This effect led to protein depletion from 
the bulk and, consequently, the foam became less stable in time.  
When using a continuous centrifuge, the foam was broken down efficiently. However, at the 
lowest required rotational speed for foam break-up, the microalgae also settled and accumulated 
in the centrifuge. A mechanical stirrer created a foam with smaller bubbles instead of collapsing 
the foam.  
A hydrophobic sieve plate made of PDMS, described in a previous study [34], was also tested 
in two different configurations. When the foam entered from the bottom, the foam continuously 
rose in the foam breaker until reaching the plate. Some bubbles were not broken and 
consequently passed through the sieve, leading to liquid accumulation on the top of the sieve 
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because liquid drainage was obstructed by the up-flowing gas. The latter problem was 
eliminated by passing the foam through the foam breaker from the top to the bottom. In this 
configuration the gas flow direction, and the natural drainage direction (due to gravitational 
force) corresponded, thus the liquid could easily pass through the sieve, although still some 
unbroken bubbles were left behind.  
In order to further increase the foam break-up efficiency, the sieve was replaced by a packed 
bed column containing hydrophobic beads. The defoaming properties of solid hydrophobic 
particles are well studied and it appears that particles with high contact angles are particularly 
efficient in destabilising foams [48]. Two different bead materials were used together within 
the packed bed column: PDMS and PTFE beads. Furthermore, a hydrophobic coating was 
applied on the glass column (Sigmacote, Sigma). The contact angles of these materials in air 
with water were reported to be 100° [49], 109° [50] for PDMS, 116° for PTFE [51], and 91° 
for glass coated with Sigmacote [52]. Other potential advantages of this packed bed column 
design are: 1) that the foam breaking efficiency of the packed column may be increased 
compared to that of the sieve due to the increased contact time and area between the material 
and the foam; 2)  that the beads applied are large enough to not mix into the liquid phase; and 
3) that relatively large beads, i.e. a large pore size, can be used thereby reducing the pressure 
drop in the reactor. According to our knowledge, this is the first study where a solid defoaming 
material was used for continuous defoaming in a foam-bed reactor system. 
The beads were more efficient in foam breaking compared to the sieve plate according to 
experiments with the foam-bed photobioreactor. The efficiency of the foam breaker was 
dependent on the gas flow rates and surfactant concentrations. At low surfactant concentration 
and reduced gas flow rates, thus low foam loads, the foam breaker worked efficiently. However, 
when the foam load was elevated, a foamy fluid instead of pure liquid was pumped back to the 
reactor. This did not seem to cause problems and a stable foam-bed could be maintained. A 
slight overpressure developed in the reactor due to the foam breaker, as it reduced the cross 
sectional area and created a resistance to the flow of the foam (approximately 4 % of the cross 
sectional area of the reactor remained open for foam flow in between the beads inside the foam 
breaker). The overpressure in the reactor was always under 60 mbar. 
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2.3.2 Microalgal growth in foam-bed photobioreactor  
Chlorella sorokiniana cells were cultivated for 8 hours in the foam-bed photobioreactor. The 
average growth rate in the foam-bed photobioreactor during these 8 hours was 0.10 h-1. This 
finding was based on the increase in cell volume concentration (Figure 2.4), which 
corresponded with the measurements of optical density and cell number. These results indicate 
that microalgae can grow in liquid foams and that the photobioreactor developed is suitable for 
microalgae cultivation. 
The growth rate achieved in the foam-bed reactor is good and comparable to other studies but 
lower than the maximal specific growth rate of Chlorella sorokiniana reported, which is 0.27 h 
-1 [53, 54]. The difference between the maximal growth rate and the growth rate reached in the 
foam-bed photobioreactor is related to the fact that not the whole microalgal culture is 
illuminated and that the average light intensity in the culture is below the saturation point, 
predominantly because of microalgal self-shading. More specifically, in the bulk liquid, foam 
breaker, and associated tubing, the cells were not receiving light to support their growth. 
Assuming an average of 5 % liquid holdup in the foam, approximately 30 % of the culture 
volume was not illuminated. In addition,  the light intensity used was lower than in the studies 
where the maximum growth rate was reached [53, 54]. Moreover, biomass density was 
considerable resulting in microalgal self-shading.  
In order to relate the achieved biomass densities to other studies, the growth was expressed as 
increase in dry weight concentration, for which a conversion factor of 0.5 was used to convert 
mL cell volume (Figure 2.4) to gram dry weight [55]. The biomass density on average increased 
from  2.1  to 4.7 g L-1 after 8 hours of growth. As a comparison, in experiments of microalgal 
suspension cultures the biomass density generally is 1 to 3 g L-1 at an equivalent specific growth 
rate (0.1 h-1) and in reactors of comparable thickness [36, 56-58]. In these studies higher light 
intensities were applied than in the present study, indicating that the foam-bed photobioreactor 
allows for elevated biomass density cultures. 
The finding that the growth rate of Chlorella sorokiniana in a foam-bed is in the same range as 
in comparable suspension cultivations demonstrates that C. sorokiniana cultures are able to 
withstand the shear stresses associated to foam bubble formation and collapse. This finding is 
supported by the stable and high maximum quantum yield of PSII photochemistry of the 
microalgal culture throughout the entire experiment. This is because it is known from other 
studies that shear stress during bubble formation at the sparger and bubble collapse in the 
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headspace might damage microalgal cells [59-61], while it was also reported that the quantum 
yield of PSII photochemistry decreases during excessive shear stress acting on the cells [62]. 
At the start of the growth experiment, microalgae were acclimated to optimal growth 
conditions, as shown by a high quantum yield of 0.72–0.78. This was the quantum yield 
observed in a conventional flat panel photobioreactor, which served as inoculum for the foam-
bed photobioreactor. During the 8 hours growth experiments the quantum yield did not change 
(Figure 2.4B), indicating that the integrity of the photosynthetic machinery of C. sorokiniana 
was conceivably not affected by foam bubble formation and break-up.  
Quantification of growth in a foam-bed photobioreactor can easily be compromised. Hence, the 
following measures and measurements were done to exclude erroneous conclusions. First, the 
total cell volume concentration was determined by only taking into account cell diameters 
between 2 and 6 µm, thus the reported values reflect only the microalgal biomass concentration 
and exclude any bacterial biomass. Second, the average ratio between microalgae concentration 
in the foam to their concentration in the bulk liquid was found to be 0.9±0.2, indicating that the 
microalgae had equal distribution over the two phases. Thus, the measurements on the bulk 
liquid are representative for the whole reactor including the foam section. Finally, the humidity 
and temperature of the inlet and outlet gas of the reactor were continuously monitored in order 
to quantify liquid loss due to evaporation. Approximately 1.7 g of water was entering the reactor 
as vapour via the inlet gas in 8 hours, while 1.6 to 2.1 g water left as vapour via the outlet gas. 
The results indicate that less than half a gram of water had been evaporated during the whole 
reactor run, which is negligible compared to the total amount of water present (150 mL). Thus, 
the possibility of the microalgae biomass concentration increasing due to evaporative loss of 
water can be excluded, confirming that the concentration increase observed was solely due to 
microalgal growth. 
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Figure 2.4. A) Microalgal growth in the foam-bed photobioreactor measured as microalgal cell volume concentration 
in time; B) Maximum quantum yield of PSII photochemistry (Fv/Fm)  during the three growth experiments. 
2.3.3 Long-term stability of BSA –stabilized foam 
The protein concentration in the cell free supernatant of reactor samples continuously decreased 
during the reactor runs (Figure 2.5). This was also confirmed by visual observations of 
decreasing foam stability. Larger gas bubbles appeared in time and the liquid content of the 
foam declined. This was also confirmed by a decreased recirculation flow, implying a decrease 
in the amount of foam leaving the reactor and/or a decreased liquid holdup of the foam. 
 
 
Figure 2.5. Protein concentration in the cell-free supernatant of the bulk liquid during three different 8 hour growth 
experiments in the  foam-bed photobioreactor. 
BSA molecules have a clear preference for the foam phase, indicated by the protein analysis of 
both the foam phase and the bulk liquid phase. While the bulk liquid phase protein concentration 
is decreasing below 1 g L-1 after 8 hours, the protein concentration in the foam only shows a 
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small decline in time in comparison to its initial value of ~2.1 g L-1 (data not shown). The 
observation of protein enrichment in the foam phase is in agreement with other studies [63]. 
The decreasing protein concentration in the bulk liquid could be due to protein aggregation 
because of foaming induced damage in the BSA molecules. Protein molecules experience 
conformational changes when foamed and, consequently, their properties and structure are 
altered as well, causing aggregation [42]. The aggregated protein might have been removed 
with the centrifugation step prior to the protein assay. Besides, several other reasons might stand 
behind the decline in protein concentration, including biodegradation by microorganisms 
present in the cultures [64], thermal degradation [65], or adsorption [66]. 
To test the alternative hypotheses on the origin of the decreasing protein concentration in the 
bioreactor experiments, additional experiments were done. Shake flasks containing BSA were 
inoculated with C. sorokiniana cultures and were placed in a dark incubator at 37°C. The 
protein and microalgal cell volume concentration were continuously monitored. The results of 
these shake flask experiments showed that neither the algae concentration neither the BSA 
concentration changed during the 9 days of experiments. This revealed that BSA did not adsorb 
to microalgal cells in a significant extent, as the cells were removed prior to the protein 
measurement. Furthermore, the possibility of consumption of the protein by C. sorokiniana or 
by the bacterial consortium present in the cultures can be excluded. These experiments also 
exclude the possibility of thermal degradation of BSA as the protein concentration remained 
unchanged while incubated at 37 °C. The possibility of BSA adsorption in the foam breaker 
was also tested. A protein solution of 2 g L-1 BSA was flushed through the foam breaker device 
including the hydrophobic PTFE and PDMS beads. The results showed that the protein 
concertation remains unchanged, indicating that no adsorption took place to the foam breaker 
device and its content.  
To summarize, we think it is most likely that the decrease of foam stability in time is due to 
protein denaturation due to foaming. Next to this, possibly the biodegradation of the protein by 
bacteria also contributed to the protein decrease in the reactor, since a few bacterial cells were 
observed in the reactor samples by microscopic analysis. The decrease in foam stability implies 
that BSA is not suitable for applications where continuous re-foaming of the surfactants is 
required. Therefore, BSA does not meet the requirements for long-term application within 
foam-bed photobioreactors, revealing the need for novel surfactants. Nevertheless, BSA is a 
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good foaming agent in order to study foam-based microalgal growth on a time scale of multiple 
hours. 
2.4 Conclusions 
The results of this study suggest that the novel foam-bed photobioreactor can be a good 
alternative to conventional microalgae cultivation system. A foam-bed photobioreactor was 
successfully developed for microalgae cultivation and its ability to support microalgal growth 
has been confirmed. Aiming at optimal reactor performance, foam formation and foam break-
up systems are essential. BSA protein was successfully used as foam stabilising. For efficient 
separation of the gas and liquid phase in the foam leaving the reactor a packed bed column 
filled with hydrophobic beads was developed. Chlorella sorokiniana showed an average 
specific growth rate of 0.10 h-1 in the foam-bed photobioreactor in combination with high PSII 
efficiency. The biggest limitation of the foam-bed photobioreactor was the short operational 
time of 8 hours due to protein depletion from the bulk liquid. For long-term operation of a foam-
bed photobioreactor, a more stable foaming agent is required.  
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Abstract 
A novel liquid foam-bed photobioreactor has been shown to hold potential as an innovative 
technology for microalgae production. In this study a foam stabilizing agent has been selected 
which fits the requirements of use in a liquid foam-bed photobioreactor. Four criteria were used 
for an optimal surfactant: the surfactant should have good foaming properties,  should not be 
rapidly biodegradable, should drag up microalgae in the foam formed, and it should not be toxic 
for microalgae. Ten different surfactants (non-ionic, cationic and anionic) and two microalgae 
genera (Chlorella and Scenedesmus) were compared on the above-mentioned criteria. The 
comparison showed the following facts. Firstly, poloxameric surfactants (Pluronic F68 and 
Pluronic P84) have acceptable foaming properties described by intermediate foam stability and 
liquid holdup and small bubble size. Secondly, the natural surfactants (BSA and Saponin) and 
Tween 20 were easily biodegraded by bacteria within 3 days. Thirdly, for all surfactants tested 
the microalgae concentration is reduced in the foam phase compared to the liquid phase with 
exception of the cationic surfactant CTAB. Lastly, only BSA, Saponin, Tween 20 and the two 
Pluronics were not toxic at concentrations of 10 CMC or higher. The findings of this study 
indicate that the Pluronics (F68 and P84) are the best surfactants regarding the above-mentioned 
criteria. Since Pluronic F68 performed slightly better, this surfactant is recommended for 
application in a liquid foam-bed photobioreactor.  
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3.1 Introduction 
In order to benefit from the great potential of microalgae for the production of specialties for 
food and aquaculture, biofuels and bulk chemicals, further progress is needed in the field of 
microalgae cultivation [1-5]. With the intention to develop a low-cost microalgae production 
system, a liquid foam-bed photobioreactor was developed and tested [6]. In order to create foam 
in the foam-bed photobioreactor, the addition of surfactants is required. Due to the continuous 
gas supply through a surfactant-containing media with microalgae, the generated foam is rising 
in the foam-bed photobioreactor, dragging the microalgal cells upwards. The foam-bed 
photobioreactor is illuminated and the gas phase is enriched with carbon dioxide (CO2). As 
such, the microalgal cells can rapidly grow in the liquid layers within the foam. To prevent CO2 
limitation for the growing microalgal cultures, the foam has to be broken after a certain time 
period and regenerated with fresh CO2-rich gas. 
Previous research on the liquid foam-bed photobioreactor showed that it was possible to grow 
microalgae at a specific growth rate of 0.1 h-1 [6]. These growth experiments only lasted for 8 
hours due to a decrease in foam stability in time. Since a protein, Bovine Serum Albumin, was 
used as a foam stabilising agent, its foamability was declining due to biodegradation and/or 
possible denaturation and consequent damage caused by the foaming process [6]. Long term 
operation of the foam-bed photobioreactor is crucial for a successful implementation of this 
innovative reactor system and to eventually compete with other photobioreactors. Therefore, 
more stable foam stabilising agents have to be selected which also match all other requirements 
for application in liquid foam-bed photobioreactors. 
Foam stabilising agents are a highly diverse group, which is comprised of low and high 
molecular weight surfactants. Four different types are distinguished according to their 
electrostatic nature: anionic, cationic, non-ionic, and zwitterionic surfactants. In addition to this 
classification, synthetic and natural surfactants (e.g. proteins, saponins) are distinguished. 
Surfactant molecules differ in their structure, even if they belong to the same group, resulting 
in highly varying properties, such as foaming properties, biodegradability, and also altered 
interactions with algal cells.  
In this study 4 specific characteristics of surfactants have been identified based on which the 
optimal surfactant can be selected. First characteristic is related to their foaming properties, 
including foam stability, liquid content, bubble size and surfactant stability. An ideal surfactant 
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for the liquid foam-bed photobioreactor should create foams with intermediate liquid content 
and stability in order to create a stable, but breakable foam. Homogenous foams with small 
bubble sizes are preferred in order to maximize mass transfer. These properties are dependent 
on the surfactant structure, e.g. the length of the hydrophobic chain was shown to influence the 
surface activity and motility of the surfactant, determining the foam properties [7]. Moreover, 
in order to ensure long-term foam forming capacity, the surfactant molecules themselves must 
also be stable in order to be able to repeatedly form foams during long term operations of liquid 
foam-bed photobioreactors.  
The second characteristic for surfactant selection is the biodegradation rate of the surfactant. 
Many surfactants can be biologically degraded [8, 9], which means that the surfactants can be 
used as carbon and energy source by bacteria. However, biodegradation is directly related to 
the molecule’s structure. For example, the more branched the carbon chain of a surfactant 
molecule is, the slower its biodegradation rate becomes [10]. Also the aromatic nature of a 
surfactant molecule can influence biodegradation rates [11]. Considering different bacteria 
populations grow naturally associated to growing microalgae [12], the optimal surfactant 
should show a low biodegradability in order to minimize surfactant losses associated to its 
bacterial consumption. 
The third characteristic is the partitioning of microalgae to the foam phase. It is evident that the 
foams formed by the chosen surfactant must be enriched with microalgae. Microalgal 
partitioning towards the foam is determined primarily by hydrostatic interaction between the 
air bubbles and the microalgae, thus algal cell surface hydrophobicity might play a role [13]. 
Besides, the electrostatic charging of the algal cells and the surfactant molecules are crucial. 
Surfactants can also render algal cell surface hydrophobicity by attaching to cells via 
electrostatic interactions [14], or alternatively the bubbles can own an electrostatic charge due 
to the charged surfactant molecules used for foam stabilisation [15]. Cationic surfactants, for 
example, have a higher algal foam partitioning as they attach the strongest to the usually 
negatively charged algal cell [14]. 
The fourth characteristic of a surfactant which is essential for its application in a liquid foam-
bed photobioreactor is its toxicity to microalgae. The reported toxic effects of a surfactant on 
microalgal growth are a reduction in cell density, growth rate, cell motility, chlorophyll content, 
and the inhibition of the photosynthetic activity [16-19]. The extent of this toxicity is dependent 
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on surfactant type, concentration, and the microalgal species involved [20]. For example, 
cationic surfactants are, in general, more toxic than their anionic or non-ionic partners [21]. 
Although some basic principles are understood, it is still difficult to predict surfactants 
properties and their interactions with different algal species solely based on their structure and 
theory. The aim of this study is therefore to empirically select a suitable foam stabilising agent 
for the liquid foam-bed photobioreactor that can enable elongated cultivations of days to weeks. 
In the current study 10 different surfactants were evaluated in terms of measured foaming 
properties, biodegradability, algal partitioning towards the foam and toxicity to microalgae. For 
this, Chlorella sorokiniana and Scenedesmus obliquus were used according to their robustness 
and diverse array of potential applications [22, 23]. Based on these results the best surfactant 
for the application in foam-bed photobioreactors was selected. 
3.2 Materials and methods 
3.2.1 Surfactants 
Ten different surfactants were evaluated for their suitability for the liquid foam-bed 
photobioreactor. The selected surfactants contain two natural surfactants and 8 synthetic 
surfactants: six non-ionic (Pluronics F68 and P84, Tergitols NP9 and TMN6, Triton X-100 and 
Tween 20), one cationic (CTAB), one anionic (SDS). The natural surfactants were Saponin and 
a reference protein surfactant, Bovine Serum Albumin [6]. All the surfactants used are listed in 
Appendix 3.A. The comparison of these surfactants was done at surfactant specific 
concentrations, taking into account their critical micelle concentration (CMC). The CMC is the 
concentration above which the surfactant molecules start forming micelles in the liquid phase. 
The CMC values of the different surfactants are included in Appendix 3.A. These CMC values 
were collected from literature and/or the product information sheets. 
3.2.2 Microalgae, cultivation media and cultivation conditions 
Chlorella sorokiniana (CCAP 211/8K) was obtained from the Culture Collection of Algae and 
Protozoa, Oban, Scotland and Scenedesmus obliquus from the Culture Collection of 
Fitoplancton Marino S.L., Cádiz, Spain. 
For the algae partitioning assays, C. sorokiniana was grown on 3 times concentrated M8a 
media, in which the N and P content were further modified to enable high biomass densities 
compared to the M8a recipe described previously [24] (see Appendix 3.B). The growth medium 
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for S. obliquus was based on the medium from Breuer et al. [25], but further modified in order 
to reach higher biomass densities. Both microalgae were grown in 250-300 mL shake flasks 
placed in an orbital shaker in an incubator. The incubator settings were the following for C. 
sorokiniana: 37 °C, 454 μmol m-2 s-1, 120 rpm and 4% CO2, and for S. obliquus: 25 °C, 120  
μmol m-2 s-1, 80-100 rpm and 2.5% CO2 . 
The culture media employed for the toxicity assays of surfactants to microalgae were M8a 
media [22] with 3 g L-1 of urea for C. sorokiniana, and modified BG11 media for S. obliquus 
[26]. For the biodegradability assays, S. obliquus was maintained in a modified M8a medium 
in which urea was replaced by KNO3 (3 g L-1) in order to avoid the presence of any other carbon 
source in the media apart from the surfactants. Unless otherwise indicated, for the 
biodegradability and toxicity experiments both strains were maintained in linear phase cultures 
in shake flasks placed in a growth chamber at 25 ºC. The cultures were continuously illuminated 
at 80 µmol photons m-2 s-1 with fluorescent lamps and bubbled with air enriched with 2.5% 
(v/v) CO2. 
3.2.3 Surfactant foaming properties  
Foaming properties of the different surfactant solutions were determined by an automatized 
foaming device (FoamScan, Teclis- IT Concept, Logessaigne, France), as described previously 
[6]. Foam stability is measured in terms of the time elapsed until half of the foam volume had 
collapsed, and this will be referred to as the foam half-life. The liquid holdup of the foam 
represents the amount of liquid incorporated in the foam at the moment when the foam reached 
its desired volume and the gas supply stopped. All experiments were performed at a temperature 
between 28 and 30 °C. The gas flow rate employed was 400 cm3 min-1, resulting in 2.4 mm s-1 
superficial gas velocity. Two different concentrations were used for each surfactant: 1 and 5 
CMC. BSA was measured at 1 g L-1 and 5 g L-1 at higher temperatures of 37 °C [6]. The 
experiments were performed in duplicates.  
The bubble size was analysed from pictures taken 30 seconds after the gas flow had stopped, at 
a height of 8 cm above the gas distributor. The mean bubble size and the standard deviation 
were calculated by an image analysis software (Foamscan) for each measurement, and the 
standard deviations and the average of the means of the two independent measurements were 
calculated.  
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The stability of the surfactants during repetitive foaming was assessed by comparing the up-
flow speed of foams formed by fresh surfactant solution and the same solution after 20 continual 
cycles of foam production and subsequent deconstruction. Foam was produced from 200 mL 
surfactant solution in a 1 L glass graduated cylinder by distributing air through two small-
bubble diffusers at a superficial velocity of 3.68 mm s-1. Surfactant solutions were prepared in 
M8a culture medium adjusted to pH 6.8. Foam up-flow speeds were calculated for a 30 seconds 
foaming time by measuring the foam level. Each surfactant test was performed in a maximum 
of 10 hours to prevent losses of foaming properties due to other causes (e.g., biodegradability, 
light sensitivity). The minimum surfactant concentration resulting in maximal foam-up flow 
speed (Cmin) was determined and 1.1 times Cmin was used in the stability tests. Cmin values 
(expressed in terms of CMC) found for the different surfactants were: BSA, 5; CTAB, 0.5; 
Pluronic F68, 5; Pluronic P84, 4.25; Saponin, 0.5; SDS, 0.08; Tergitol NP9, 1; Tergitol TMN6, 
1; Triton X-100, 0.75, and Tween 20, 0.5. 
3.2.4 Surfactant biodegradability 
The biodegradability of the surfactants was indirectly determined by following bacterial 
growth. Bacterial growth was studied at 1 and 10 CMC surfactant concentrations, since in a  
foam-bed photobioreactor, concentrations within these limits are expected. The concentration 
of 1 CMC still allows for acceptable foam formation, and possible inhibitory effects on bacterial 
cells are minimized. A high concentration of 10 CMC was chosen in order to assess promoting 
and/or inhibiting surfactant effects on bacterial growth. The experiments were performed in 
duplicates in 100 mL shake flasks. Surfactant solutions were prepared in M8a media, with 
nitrate as nitrogen source, and they were sterilized by filtration. Each surfactant solution was 
inoculated with 10 mL of Scenedesmus culture supernatant, which naturally contains 
microalgae-associated bacteria. The cultures were placed in an orbital shaker at 37 ºC and 115 
rpm. Bacterial growth was measured as the increment of optical density at 600 nm (OD600culture) 
after 3 days (t3), which was normalized by the initial optical density of each solution 
(OD600,t0culture), as shown in Equation 3.1. In order to avoid errors related to turbidity changes 
in the surfactant solutions during the experimental time, blank cultures with the different 
surfactant solutions (not inoculated) were prepared (OD600blank). 
𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 𝒇𝒇𝒇𝒇𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒊𝒊𝒊𝒊 = �𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔,𝒇𝒇𝒇𝒇𝒕𝒕𝒕𝒕𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒇𝒇𝒇𝒇𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊− 𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔,𝒇𝒇𝒇𝒇𝒕𝒕𝒕𝒕𝒃𝒃𝒃𝒃𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒃𝒃𝒃𝒃 �−�𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔,𝒇𝒇𝒇𝒇𝟔𝟔𝟔𝟔𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒇𝒇𝒇𝒇𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊− 𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔,𝒇𝒇𝒇𝒇𝟔𝟔𝟔𝟔𝒃𝒃𝒃𝒃𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒃𝒃𝒃𝒃 �
�𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔,𝒇𝒇𝒇𝒇𝟔𝟔𝟔𝟔𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒇𝒇𝒇𝒇𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊− 𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔,𝒇𝒇𝒇𝒇𝟔𝟔𝟔𝟔𝒃𝒃𝒃𝒃𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒃𝒃𝒃𝒃 �   Equation 3.1 
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3.2.5 Microalgae partitioning towards the foam phase 
In this study the partitioning of microalgae towards the foam (Pxfoam) was expressed as the ratio 
of the microalgae concentration in the foam liquid phase (Cx,foam) over the initial microalgae 
concentration in the liquid phase used to form the foam (Cx,initial), as presented in Equation 3.2.  
𝑷𝑷𝑷𝑷𝒙𝒙𝒙𝒙
𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇 = 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇
𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙
𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄        Equation 3.2 
For the definition of Pxfoam the initial biomass concentration is considered instead of the 
concentration in the bulk liquid since the bulk liquid biomass concentration is continuously 
changing with increasing foam volume. This definition of Pxfoam allows for comparison between 
different systems with different dimensions. 
Microalgae-surfactant mixtures were prepared by adding the surfactant to the microalgal culture 
(C. sorokiniana or S. obliquus). This mixture was foamed in a 2.5 L glass tank (20.5×3×40 cm, 
width × depth × height). Silicon tubing (internal diameter of 4 mm, wall thickness of 2 mm) 
punctured by a 0.45 mm needle at 1.4 cm intervals served as gas distributor. This tubing was 
placed one cm above the bottom of the glass tank over the complete width. A gas flow rate of 
1000 mL min-1 was supplied to the surfactant solutions containing microalgae to allow foam 
formation. The volume of the algae suspension was 200 mL for C. sorokiniana experiments, 
and 100 mL for  S. obliquus. The difference in the volumes was due to the fast settling of S. 
obliquus cells underneath the gas distributor. For this reason, the volume underneath the gas 
distributor was filled with 100 mL of solidified Agarose gel (5%), and only 100 mL algae 
suspension was used to keep the same liquid height before foaming. The surfactant 
concentration was 5 CMC in order to ensure sufficient foam formation, except for Saponin 
where 5 CMC did not generate enough foam for the measurements; thus, 10 CMC was used. 
BSA was tested at a concentration of 1.75 g L-1, which represents the concentration applied 
previously in a liquid foam-bed photobioreactor [6]. For each surfactant, duplicate foaming 
experiments were performed.  
The experiments with C. sorokiniana were started at an optical density (OD) of 15 to 20 (i.e. 
Cx,initial), while the experiments with S. obliquus were started with an OD of 2. Foam was 
allowed to rise in the glass tank, and the foam flowing out on top was collected. In each 
experiment, four different foam samples of 150 mL were taken, provided sufficient foam was 
formed. The first 150 mL of foam was discarded and the remaining three foam fractions were 
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allowed to collapse in cups. A sample was taken from the collapsed foam and the OD was 
measured in duplicate. Afterwards, these OD values were averaged for the three different foam 
fractions, and the two duplicate  experiments. The optical density was measured at 750 nm in a 
spectrophotometer (Hach Lange DR6000, Germany). As SDS solutions were opaque the cell 
concentration was determined by cell counting: microscopic cell count using counting chamber 
and automatic cell counting with Beckman Coulter Multisizer 3 employing a 50 μm aperture 
tube. In order to evaluate the differences in partitioning between the different surfactants, t-tests 
were done with individual pairs. 
3.2.6 Toxicity of surfactants to microalgae 
The toxic effects of surfactants on the selected microalgal strains were tested at the following 
surfactant concentrations: 0.1, 0.5, 1, 2.5, 5, 10, 15, 25 and 50 CMC, provided the surfactant 
was still soluble at that concentration. Cultures were prepared in shake flasks containing 300 
mL of surfactant solution prepared in the corresponding microalgal culture medium and 
inoculated with microalgae cells growing in linear phase. Microalgal cultures were prepared in 
triplicate under sterile conditions and biomass concentration was adapted in order to get an 
initial optical density of 0.8 at 750 nm. The cultures were not aerated in order to prevent foam 
formation. Instead of bubbling, the cultures were magnetically stirred at a speed of 200 rpm in 
order to maintain the homogeneity of the suspensions. Optical density at 750 nm (UV/ Visible 
spectrophotometer, Evolution 201, ThermoFisher, United States) and maximal photosynthetic 
efficiency of Photosystem II (AquaPen-C AP-C 100, Photon Systems Instruments, Germany) 
were measured daily for a minimum of 3 days. 
3.3 Results and Discussion 
3.3.1 Surfactant foaming properties 
In order to determine the foaming properties of the different surfactant solutions, foam volume 
half-life, liquid holdup in the foam, and bubble size of the foam were analysed for ten 
surfactants at two different concentrations, 1 CMC and 5 CMC. A concentration of 1 CMC is 
the minimal concentration required in order to reach the maximal reduction in surface tension 
and, as such, good foaming characteristics [27]. A concentration of 5 CMC was also used to 
ensure that depletion does not occur in the liquid phase (>1 CMC). From the data in Figure 
3.1A, it is apparent that at a surfactant concentration of 5 CMC, CTAB and Saponin formed the 
most stable foams. The foam volume half-life was more than 2 hours for these surfactants. The 
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exact half-life value was not determined since the experiments were terminated after 2 hours. 
Besides CTAB and Saponin, long foam volume half-life was observed for BSA and Tergitol 
NP9 at 5 CMC concentration. In contrast, Tergitol TMN6 and Tween 20 foams showed rapid 
destabilisation, as exemplified by a foam half-life of less than 10 minutes at 5 CMC. The 
surfactant SDS also resulted in unstable foams and at 1 CMC it did not reach the foam height 
required for the analysis. 
Most surfactants showed increased foam stability at 5 CMC in comparison to 1 CMC (Figure 
3.1A). Since the surface tension of a surfactant solution does not change above CMC, the 
foaming properties are also expected to be unchanged [28]. The decrease in stability when 
decreasing the concentration from 5 to 1 CMC might be due to the depletion of surfactant 
molecules from the liquid phase at 1 CMC. The surfactant molecules, due to their amphiphilic 
nature, partition to the foam phase when gas is introduced to the solution, thus the amount of 
surfactant molecules is reduced in the bulk liquid remaining underneath the foam. The depletion 
effect is especially relevant when large foam volumes are formed, or the initial surfactant 
concentration is low [29]. Furthermore, the rate of diffusion of the surfactant molecules to the 
interface also influences the foam stability and thereby might result in further foam stability 
increase above CMC. When the surfactant transport rate is slow, foam will be formed with 
reduced amount of adsorbed surfactant molecules, thus the foam stability will also be reduced 
[30]. Finally, the change in foaming properties above CMC might be explained by further foam 
stabilisation due to the presence of micelles in the thin films [31]. Consequently, at higher 
surfactant concentrations (>CMC) more stable and more wet foam can be formed. 
The liquid holdup measured in the foam is presented in Figure 3.1B. The highest holdups were 
obtained with BSA, Pluronic F68, Tergitol TMN6 and Tween 20 at 5 CMC. These foams had 
a liquid holdup between 7.5 and 8.5%.  Under the same conditions (5 CMC), the lowest liquid 
holdup was 2.9% for Saponin foams. As illustrated in Figure 3.1B, the liquid content of the 
foam is influenced by surfactant concentration [32], with generally lower liquid holdup at 1 
CMC in comparison to 5 CMC. As explained before this effect is probably related to surfactant 
depletion, surfactant diffusion limitation or micelle-based stabilisation. Next to foam stability 
and liquid holdup, the bubbles sizes were analysed (Figure 3.1C). In general, an increased 
surfactant concentration leads to a small reduction in bubble size, although for some surfactants 
the bubble size did not change with surfactant concentrations above CMC. Tergitol TMN6 
formed foams with the smallest bubble sizes, below 0.2 mm radius. The largest bubbles were 
formed by Saponin at 5 CMC, with almost 0.5 mm average bubble radius. The standard 
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deviations in Figure 3.1C can be regarded as a measure of the uniformity of the foam: bigger 
error bars mean a more heterogeneous foam, while at homogeneous foams the error bars are 
minimal. Generally, foams with high bubble size uniformity are more stable due to the reduced 
Laplace pressure between the adjacent bubbles [33]. When comparing the different surfactants, 
generally smaller bubble sizes were related to increased liquid holdup values and this 
correlation was even more dominant when considering only one surfactant at the two different 
concentrations (Figure 3.1B and 3.1C). Therefore, we can conclude that increasing surfactant 
concentration results in the combined effects of decreased bubble size and increased liquid 
holdup and foam stability, corresponding to previous observations [34]. 
Besides foam stability, liquid content and bubble size, surfactant stability against foaming is an 
important aspect. In previous research it was shown that BSA is not able to produce foams for 
elongated time periods [6]. Now we show that this phenomenon is not necessarily due to 
bacterial biodegradation of the molecule, but is more likely related to the instability of the 
surfactant during continuous foaming. Figure 3.1D shows the initial and final foam up-flow 
speed of each surfactant after 20 cycles of foam production and deconstruction. A reduction in 
this parameter could denote a loss of surfactant foamability, and therefore, of surfactant 
stability. The evolution of the foam up-flow speed during the 20 cycles (data not shown) 
revealed a dramatic drop of the up-flow speed of BSA within a short time range, with a 
reduction of 56% of the original value after the first three cycles. The mechanism behind the 
reduction of BSA foam stability is suggested to be a consequence of conformational changes in 
the molecule during foaming [35]. For all other surfactants no significant decrease in foam 
stability was observed after 20 foaming cycles.  
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Figure 3.1. Surfactants foaming properties: A) Foam stability, represented in terms of foam volume half-life, which 
is the time elapsed when the foam volume has collapsed to its half. B) Liquid holdup in foams stabilized by different 
surfactants, expressed as the volume percentage of liquid incorporated in the foam. C) Bubble size of foams formed 
by different surfactants. D) Surfactants stability, represented as the initial and final foam up-flow speed of surfactant 
solutions after 20 cycles of repeated foam formation and deconstruction. Parameters A, B and C were analysed at 
two different surfactant concentrations (1 CMC and 5 CMC). SDS and Saponin at 1 CMC did not form sufficiently 
stable foams for the analysis of bubble size. Liquid holdup and foam stability could not be measured with SDS at 1 
CMC due to its low foaming ability. The error bars represent the standard deviation of the measurements.  
3.3.2 Surfactant biodegradability 
In order to select the most suitable surfactant, its susceptibility to bacterial degradation (i.e. 
biodegradation) was determined. This was done by following the growth of the inoculated 
bacteria (obtained from the supernatant of a S. obliquus culture) in the fresh water algal culture 
medium enriched with each surfactant at concentrations of 1 and 10 CMC. The surfactants 
added were the only reduced carbon source available to promote bacterial growth. Thus, 
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bacterial growth, if observed, was a direct evidence for bacterial degradation of the surfactants 
as source of carbon and energy. Microalgal consumption of surfactants was not investigated 
since it was shown previously that BSA, one of the most easily biodegradable surfactants, was 
not consumed neither adsorbed by microalgal cells [6]. Therefore, the algal degradation of 
surfactants was considered negligible compared to bacterial degradation. Algal cells were 
removed from the inoculum, since decaying algal biomass due to the absence of light or 
surfactant toxicity might result in additional carbon source for bacterial growth. 
Figure 3.2 shows results of bacterial growth on the different surfactants after 3 days of 
cultivation at 2 different concentrations (1 and 10 CMC). In order to strictly compare the 
surfactants in terms of the carbon content supplied, the X-axis is expressed as the decimal 
logarithm of the milligrams of carbon added to each culture, calculated from the carbon content 
of the surfactants. Cultures which showed bacterial growth reached the stationary phase and 
cultures that did not show any growth remained unchanged even after 2 weeks (data not shown). 
According to the figure, the lowest bacterial growth was obtained in the culture medium 
containing either CTAB, both Pluronics, or Triton X-100. For these surfactants no differences 
were observed for the two concentrations tested. Despite their high carbon content, compared 
to the other evaluated surfactants, the bacterial growth was minimal and, therefore, they can be 
considered less susceptible to biodegradation. On the other hand, the bacterial growth was by 
far more intense in the cultures containing BSA, Saponin and Tween 20 at 10 CMC, suggesting 
that indeed the carbon contained in these compounds was used as substrate for bacterial growth. 
A third group with surfactants which showed an intermediate biodegradability could be inferred 
from the figure. In this sense, both Tergitols and SDS promoted moderate bacterial growth. 
Bacterial growth was independent of the initial carbon content when SDS was used, which 
might indicate low efficiency of bacteria to degrade such surfactant and/or a possible toxic 
effect. Finally, regarding both Tergitols, a higher concentration of TMN6 was needed to 
promote the same bacterial growth as NP9, which might indicate Tergitol NP9 is slightly more 
readily biodegradable. 
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Figure 3.2. Surfactants biodegradability, represented as the bacterial growth on surfactant solutions after 3 days of 
cultivation at 1 and 10 CMC surfactant concentrations. The “*” indicates data obtained at 10 CMC. Bacterial growth 
is expressed as the increase in optical density (600 nm) after 3 days and it is plotted against the carbon dosage 
resulting from surfactant addition (logarithmic values, in milligrams). Optical density values were corrected with their 
corresponding blanks (culture medium with surfactant) and optical density increments were normalized with respect 
to their initial optical densities.  
The bacterial ability to degrade a surfactant and use it for growth depends on the chemical 
structure of the surfactant [9]. Three of the evaluated surfactants have fatty-alcohol ethoxylate 
structure (FAE; commercial names: Pluronic F68, Pluronic P84, Tergitol TMN6), and two of 
them have alkylphenolpolyethoxylate structure (APE; commercial names: Tergitol NP9 and 
Triton X-100). Under aerobic conditions, most surfactants can be degradable, including FAE 
and APE, and thus can favour bacterial growth [36]. However, there are differences between 
surfactant families regarding their degradability. For instance, according to the obtained results 
Triton X-100 (APE) is less readily biodegradable than SDS (alkylbenzenesulphonate), which 
is in agreement with previous observations [37]. The linear structure of SDS, compared to the 
branched and the ethoxylated chain of Triton X-100, may be among the reasons that explain its 
higher biodegradability [38]. 
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3.3.3 Microalgae partitioning towards the foam phase 
Microalgae partitioning to the foam phase, Pxfoam, has been measured and the results are 
presented in Figure 3.3. A partitioning of 1 means that the algae concentration in the foam liquid 
is identical to the initial concentration in the liquid prior foam formation, implying that it is also 
identical to that in underlying bulk liquid as can be calculated from a microalgae mass balance 
over the system. Detailed explanations about these mass balances are presented in Appendix 
3.C. The first foam layer (150 mL) exiting the vessel showed large deviations in algae 
concentration compared to the following three foam fractions, thus it was not considered in the 
calculation of the Pxfoam values. This deviation might be due to foam destabilisation at the top 
of the foam column and cells not draining efficiently through the foam layer as liquid drains 
[39, 40]. 
Only the cationic surfactant (CTAB) showed a partitioning higher than 1. Microalgae cells 
concentrated in the CTAB stabilized foams, since the foam had 6.8 (C. sorokiniana) and 1.4 (S. 
obliquus) times higher algae concentration compared to the original algae solution. This is 
reasoned by electrostatic interactions between cells and surfactants [41, 42], since cationic 
surfactants show a strong electrostatic interaction with the negatively charged microalgae cells 
[14, 43], as described for foam flotation systems. For all the other surfactants the partitioning 
factor was below 1 meaning that the algae have a preference to remain in the bulk liquid and 
not in the foam liquid. Despite the differences among those were not statistically significant, 
the natural surfactants (BSA and Saponin) and the non-ionic surfactant Triton X-100 showed 
slightly higher algae partitioning for the foam phase compared to the rest of the surfactants. The 
t-tests showed that these surfactants have significantly higher partitioning compared to most 
other surfactants, but not all. The 6 remaining surfactants (5 non-ionic, 1 anionic) showed 
similar Pxfoam values. The anionic surfactant SDS did not result in the lowest partitioning for C. 
sorokiniana, however S. obliquus showed the lowest Pxfoam results with SDS, possibly due to 
the electrostatic repulsion forces between the surfactant and the algal cell surface. As non-ionic 
surfactants do not own electrostatic charge, possibly hydrophobic interaction took place 
between the algal cell membranes and the surfactant [44]. Thus, the difference in algal 
partitioning between the different non-ionic surfactants might be due to their difference in 
hydrophobicity, affecting their efficiency of adsorption [42]. 
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Figure 3.3. Chlorella sorokiniana (white hatched bars) and Scenedesmus obliquus (grey hatched bars) partitioning 
towards the foam phase. The partitioning is defined as the ratio between the algae concentration in the foam and 
the algae concentration of the suspension before foaming. The experiments were carried out at the surfactant 
concentration of 5 CMC (except for Saponin where 5 CMC did not generate enough foam for the measurements; 
thus, 10 CMC was used). BSA was tested at a concentration of 1.75 g L-1. The microalgae concentration was 15-
20 expressed in OD at 750 nm for C. sorokiniana and 2 for S. obliquus. 
In general, C. sorokiniana had a higher partitioning to the foam compared to S. obliquus.  The 
differences in Pxfoam between the two strains can be due to differences in the initial cell 
concentration applied, but also due to differences in cell surface hydrophobicity [45], since 
hydrophobic-hydrophilic interactions are determining the attachment of particles to air bubbles 
[46] and to surfactants [44]. Besides cell surface hydrophobicity, cell size and shape of the 
microalgae might have an influence on their partitioning: S. obliquus cells are long, narrow 
cells and larger in size than the small spherical C. sorokiniana cells.  
3.3.4 Toxicity of surfactants to microalgae 
The toxicity of the surfactants to Chlorella sorokiniana and Scenedesmus obliquus was studied 
by analyzing the effect of the surfactants on microalgal growth and photosynthetic efficiency 
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(Figure 3.4). A surfactant concentration was considered toxic when a 10% reduction (dashed 
line in Figure 3.4), or higher, was found in optical density and/or photosynthetic efficiency with 
respect to the control cultures without surfactants. Although toxicity experiments were done at 
several different surfactant concentrations, Figure 3.4 represents only the points around the 
highest concentration without inhibitory effect and the lowest toxic concentration.  
The toxicity results, considering the surfactant concentration used in weight per volume units, 
showed different sensitivity of each microalga to a given surfactant. In general, Scenedesmus 
obliquus cultures (Figure 3.4C, D) seem to be slightly less sensitive to evaluated surfactant 
concentrations than Chlorella sorokiniana (Figure 3.4A, B) as similar toxicity is produced at 
higher concentrations of most surfactants. The reason behind the species-dependent toxic 
effects of a certain surfactant might lay in the differences in algal cell wall composition between 
species [47]. Moreover, surfactants with different chemical structure, even owning the same 
electrostatic character (e.g. non-ionic), may exhibit different toxicity to a given microalga 
species. For instance, this is the case for both Pluronics, which exert different toxic effects on S. 
obliquus (Figure 3.4), Pluronic F68 being less toxic than Pluronic P84. Toxicity of poloxamers 
has been reported to be proportional to their lipophilic character [48], which is in agreement 
with our findings. One of the main reported effects of the surfactants is the cell surface 
depolarization [49] which has the consequence of decreasing nutrient consumption, therefore 
affecting algal growth negatively. The alterations of cell surface properties are related to the 
integration of alkyl chains into the cell wall [50]. 
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Figure 3.4. Surfactants concentration-response curves for C. sorokiniana (A-B) and S. obliquus (C-D) after 72 hours 
of exposure in liquid cultures. The ordinate indicates the percentage of inhibition in the biomass growth (represented 
as optical density at 750 nm) (A, C), and in the maximum photosynthetic activity of Photosystem II (B, D) in 
dependence of the logarithm of the surfactant concentration used in grams per litre. The dashed line indicates the 
10% inhibition threshold.  
According to their toxic effects on the selected microalgae, the evaluated surfactants could be 
divided in two main groups. The two natural surfactants (BSA and Saponin), the two Pluronics 
(F68 and P84), and Tween 20 showed the lowest levels of toxicity to the tested microalgae 
species. On the opposite side, the ionic surfactants (CTAB and SDS), both Tergitols (NP9 and 
TMN6) and Triton X-100 exhibited the highest levels of toxicity to both microalgae. 
Altogether, it can be inferred that the toxicity of surfactants to microalgae depends on the 
specific chemical structure and concentration of the surfactant but it is also species-dependent 
[36, 49]. 
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3.3.5 Surfactant selection 
In order to select the most appropriate surfactant for the liquid foam-bed photobioreactor, the 
foaming properties, biodegradability, microalgae partitioning to the foams, and toxicity have to 
be evaluated together. 
The optimal surfactant for the liquid foam-bed photobioreactor should be capable of forming 
large foam volumes, with small and uniform bubbles. Small bubbles are relevant for increased 
mass transfer in the foam-bed photobioreactor due to the increased surface area. Further 
advantage of small bubbles is their increased particle flotation efficiency, possibly resulting in 
an increased algae partitioning towards the foam phase [51]. On the one hand, the formed foam 
should not be too stable (>2 h, e.g. CTAB and Saponin at 5 CMC) in order to facilitate foam 
break-up. Fast destabilisation, on the other hand, as observed with Tween 20 and Tergitol 
TMN6, might result in foam collapse already while the foam is rising in the reactor, resulting 
in heterogeneous, coalescing foams. This would be especially problematic at low gas flow rates 
or high foam-bed photobioreactors. Besides, the liquid content of the foam should be 
intermediate in order to achieve increased biomass concentration compared to conventional 
photobioreactors, while still maintaining high ground-areal and volumetric productivities. 
Altogether, the following ranges were identified for the different parameters defining the 
foaming properties: the liquid holdup of surfactants should be between 5-10%, the foam volume 
half-life should be between 25 and 120 minutes, the bubble radius should be smaller than 0.4 
mm, and surfactants should show a constant foam up-flow speed during at least 20 cycles. As 
shown in Figure 3.1, surfactants with a higher liquid holdup than 5% were BSA, Pluronic F68, 
Tergitol TMN6, Tween 20, Pluronic P84 and SDS at 5 CMC. Surfactants with intermediate 
foam stabilities were BSA, Tergitol NP9, Pluronic F68, Pluronic P84 and Triton X-100. The 
bubble size was too large for Saponin, all other surfactants fell in the good range. The protein 
BSA did not show sufficient stability against foaming.  
Regarding surfactant biodegradability, the selected surfactant must not be easily degraded by 
the bacterial populations that are naturally associated to the algal culture, since the use of a 
readily biodegradable foam stabilising agent would imply a relative rapid increase of bacterial 
populations in the algal cultures, together with the need of a continuous addition of surfactant 
to maintain its concentration constant in the liquid foam-bed photobioreactor. In this study, 3 
of the 10 surfactants tested (BSA, Saponin and Tween 20) were easily biodegraded at surfactant 
concentrations higher than 1 CMC. Considering the foam requirements, the surfactant 
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concentration needs to be above 1 CMC and, therefore, these surfactants are discarded for their 
use. 
For the liquid foam-bed photobioreactor, maximal partitioning of microalgae to the foam phase 
is preferred. Elevated algae concentrations in the foam phase result in an increased fraction of 
algal cells exposed to illumination, therefore contributing to higher growth rates and reactor 
productivity. Due to the generally low algae partitioning of the non-ionic and anionic 
surfactants and the relatively small difference between their partitioning values, the cationic 
surfactant CTAB, Triton X-100, BSA and Saponin were considered to show best performances. 
Last, but not least, a pre-requisite of a surfactant to be employed for algal cultivation in foam 
is to be non-toxic for the alga cultivated. In general, most of the surfactants showed toxicity 
below 10 CMC (Table 3.1). The cationic surfactant CTAB, the anionic surfactant (SDS), and 
both Tergitols resulted as the most toxic surfactants for both strains when comparing in terms 
of CMC. In this sense, the criterion for a non-toxic surfactant is the absence of toxic effects (no 
reduction of growth rate nor photosynthetic efficiency) at the concentration of 10 CMC. 
According to this, only both Pluronics and BSA, Saponin and Tween 20 fit the requirement. 
For the cultivation of other strains, the tolerance of the two species investigated to the given 
surfactants cannot be extrapolated to others and should be specifically studied.   
Table 3.1. Experimental maximum non-toxic surfactant concentration tested for the microalgal strains C. 
sorokiniana and S. obliquus, expressed in function of their CMC values. CMC values for the surfactants used in the 
experiments are included in Appendix 3.A. 
Algal strain   Experimental maximum non-toxic surfactant concentration (CMC) 
 BSA CTAB Pluronic F68 
Pluronic 
P84 Saponin SDS 
Tergitol 
NP9 
Tergitol 
TMN6 
Triton 
X-100 
Tween 
20 
C. sorokiniana 50 0.5 50 50 50 0.1 0.1 0.1 0.1 50 
S. obliquus 50 0.1 50 10 50 0.1 5 0.1 2.5 50 
Surfactants showing acceptable properties with respect to each individual criterion were 
indicated with a ‘+’ in Table 3.2. Considering all properties together, the poloxameric 
surfactants are the best candidates investigated for the operation of the liquid foam-bed 
photobioreactor, due to their good foaming properties, resistance to biodegradation, moderate 
algae partitioning, and low toxicity. The most important limitation of these surfactants lies in 
the fact that they have low Pxfoam values (i.e. partioning towards the foam). By minimizing the 
amount of bulk liquid in an operational foam-bed photobioreactor, the absolute amount of algae 
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in the relatively dark bulk liquid can be minimized and the majority of the microalgae still reside 
in the foam phase. Furthermore, the algae partitioning towards the foam formed by poloxamers 
can be further improved in the foam-bed photobioreactor by increased  surfactant concentration 
[41], increased aeration rates [14], and reduced bubble sizes [39, 52, 53]. Alternatively, the 
microalgae-enriched bulk liquid phase can be recirculated and distributed on the top of the foam 
column. From the two tested poloxamers, Pluronic F68 was selected as the best surfactant since 
it performed slightly better in terms of foaming, algae partitioning and toxicity.  
The Foam-bed photobioreactor is a promising photobioreactor concept with several advantages 
over liquid-phase based cultivation systems. Foam-bed photobioreactors can offer reduced light 
absorption path and increased mass transfer rates compared to traditional photobioreactors. 
Surfactant selection is a key factor in the success of the operation. Pluronic F68 appeared to be 
a surfactant which can allow for long-term operation of foam-bed photobioreactors. High 
biomass densities and reduced gas flow rates and pressured drops in foam-bed photobioreactors 
will then contribute to a reduction in biomass production costs.  
Table 3.2. Summary of the surfactant selection experiments. The “+” indicates that a certain surfactant has 
acceptable properties regarding the corresponding criterion. Foaming properties: foam volume half-life time (A), 
liquid holdup in the foam (B), bubble size of the foam (C) and surfactant stability (D). 
  
Foaming properties 
Algae partitioning Resistance to biodegradability Toxicity A B C D 
BSA + + + -  +   -   +  
CTAB - - + +  +   +   -  
Pluronic F68 + + + +  -   +   +  
Pluronic P84 + + + +  -   +   +  
Saponin - - - +  +   -   +  
SDS - + + +  -   -   -  
Tergitol NP9 + - + +  -   -   -  
Tergitol TMN6 - + + +  -   -   -  
Triton X-100 + - + +  +   +   -  
Tween 20 - - + +  -   -   +  
 
3.4 Conclusions 
This project was undertaken to select the best foam stabilising agent to be applied in a liquid 
foam-bed photobioreactor. First a pre-selection was made of 10 potential candidates which were 
tested in terms of their foaming properties, biodegradability, microalgae partitioning towards 
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the foam phase, and toxicity. According to the experimentally obtained data, poloxameric 
surfactants (Pluronic F68 and Pluronic P84) exhibited the best properties and Pluronic F68 was 
selected as the best surfactant because of its slightly better performance. Pluronic F68 showed 
constant foamability during repetitive foaming cycles and at 5 CMC concentration it formed 
foams with intermediate stability (54 minutes half-life), high liquid holdup (8% at 400 mL min-
1 superficial gas velocity), and small bubble size (radius of 0.17 mm) which are optimal for the 
operation of the liquid foam-bed photobioreactor. Besides, it is hardly biodegradable by the 
bacteria naturally-associated to microalgae, therefore the surfactant concentration in the reactor 
is not reduced due to bacterial consumption. The relatively low microalgae partitioning towards 
the foam phase formed by Pluronic F68 (67% for C. sorokiniana and 47% for S. obliquus) can 
be compensated by optimizing operation and design of a liquid foam-bed photobioreactor. For 
example, foam-bed photobioreactor systems where the microalgae-enriched liquid layer is 
recirculated over the foam phase could result in an economically feasible algae production 
system. Finally, growth inhibition was not observed for any of the microalgal strains tested until 
50 CMC. Thus, Pluronic F68 is a promising, new foam stabilising agent for a liquid foam-bed 
photobioreactor. 
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Appendix 3.A: Summary of foam stabilizing agents  
Table 3.A.1. Summary of the foam stabilizing agents used in this study. P.I. stands for the online product information 
sheets. The superscript ‘a’ indicates the CMC value used for the foaming and partitioning experiments, while ‘b’ 
indicates the values used for the biodegradability and toxicity experiments. 
Foam stabilizing 
agent 
Source 
details Type CMC [g L
-1] Ref. CMC Chemical composition 
BSA Sigma, A7030 
Non-
catalytic 
protein, 
anionic 
character 
0.03 [35], 25°C Bovine Serum Albumin derived from cows 
CTAB Sigma H5882 Cationic  
0.335 a 
Sigma P.I., 20-
25°C a, 
minimum given 
value Hexadecyltrimethylammonium bromide 
0.346 b 
Sigma P.I., 20-
25°Cb, middle 
of given range 
Pluronic F68 Panreac A1288 Non-ionic 0.334 
Sigma Aldrich  
P.I. 
Triblock copolymers of 
ethylene and propylene oxide 
Pluronic P84 Sigma 713538 Non-ionic 0.298 [54] 
Triblock copolymers of 
ethylene and propylene oxide 
Saponin Sigma 84510 Non-ionic 0.05 
Sigma  P.I., 
middle of given 
range 
Glycoside+ Triterpene 
SDS Sigma L3771 Anionic 2.451 
Sigma  P.I., 
middle of given 
range 20-25°C 
Sodium dodecyl sulfate 
Tergitol NP9 
Sigma  
Non-ionic 0.06 DOW P.I., 25°C Nonylphenolethoxylate 
521078 
Tergitol TMN6 Sigma 60828 Non-ionic 0.8 
DOW P.I., 
25°C 
Branched secondary alcohol 
ethoxylate 
Triton X-100 Panreac A1388 Non-ionic 
0.155 a [55] a 
Octyl phenol ethoxylate 
0.194b Applichem P.I.b 
Tween 20 
Sigma, 
P2287a 
Sigma, 
P1379 b 
Non-ionic 
0.099a [56], 21 °C a 
Polyoxyethylene (20) 
sorbitanmonolaurate 
0.06b [57], room temperature b 
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Appendix 3.B: Medium recipes 
3.B.1 Modified Breuer’s medium 
The recipe used in this study contains KNO3 2.55 g L-1, Na2SO4 0.15 g L-1, MgSO4·7H2O 0.22 
g L-1, CaCl2·2H2O 0.11 g L-1, K2HPO4 0.645 g L-1, Na2-EDTA·2H2O  44.64 mg L-1, 
MnCl2·4H20 5.72 mg L-1, ZnSO4·7H2O 1.8 mg L-1, CoCl2·6H2O 0.423 mg L-1, CuSO4.5H2O 
0.495 mg L-1, Na2MoO4·2H2O 0.0378 mg L-1and NaFeEDTA 15.3 mg L-1. The pH of the media 
was set to 7.0. 
3.B.2 Modified M8a medium (algae partitioning) 
The media contained the following nutrients: urea 3.60 g L-1, KH2PO4 1.07 g L-1, 
Na2HPO4.2H2O 0.37 g L-1, MgSO4·7H2O 1.2 g L-1, CaCl2·2H2O 39 mg L-1, EDTA ferric 
sodium salt 347.8 mg L-1, Na2EDTA·2H2O 111.67 mg L-1, H3BO3 0.185 mg L-1, MnCl2·4H2O 
38.9 mg L-1, ZnSO4·7H2O 9.6 mg L-1, CuSO4·5H2O 5.49 L-1. After the addition of all nutrients, 
the pH was adjusted with NaOH to pH 6.7. 
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Appendix 3.C: Mass balances microalgae partitioning  
Mass balances for the microalgae cells over the foam-bed system were set up in order to explain 
in detail the microalgae partitioning coefficient and the factors influencing that. These equations 
correspond to the experimental setup of the microalgae partitioning experiments performed. A 
scheme of the experimental setup for microalgae partitioning is presented in Figure 3.C.1. 
Equation 3.C.1 describes that the cells present in the initial liquid prior to foam formation will 
be distributed over the bulk liquid and the liquid fraction of the foam after foam formation. 
Equation 3.C.2 explains that also the initial liquid volume will be distributed over the bulk 
liquid phase and the foam phase after foam formation. The notation corresponding to these 
equations is presented in Table 3.C.1. The partition coefficient (Equation 3.C.3) results in 
exactly 1 when there is no preference for the algal cells for either the foam phase or bulk liquid 
phase. Pxfoam values above, or below 1, give a relative indication of the level of preference of 
algal cells for either phase. 
 
Figure 3.C.1. Scheme of the experimental procedure for microalgae partitioning measurements. 
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) ⋅ 𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) +   𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) ⋅ 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑡𝑡) ⋅ 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡)   
          Equation 3.C.1 
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𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) + 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) ⋅ 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑡𝑡)     Equation 3.C.2 
 
 𝑃𝑃𝑃𝑃𝑥𝑥𝑥𝑥
𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓 = 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑖𝑖𝑖𝑖=𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)
𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖        Equation 3.C.3 
The algae partitioning experiments were done in a batch system and therefore the bulk liquid 
volume, bulk liquid algae concentration and bulk liquid surfactant concentration might change 
in time with increasing foam volume. In addition, the liquid fraction of foams decreases in 
height due to gravitational drainage in the foam. Consequently, in the equations the average 
liquid fraction along the foam height has to be considered. The biomass concentration in the 
foam is therefore also not homogenously distributed in the different foam fractions. 
The dynamics of the systems discussed above did not influence our measurements. We 
collected less than 20% of the total liquid volume which was initially added and no trends were 
observed between the different foam fractions collected in time. Changes in the partitioning 
apparently were not observable within the experimental time and foam volumes sampled. 
To avoid any influences of experimental conditions on Pxfoam, the same protocol was used for 
each measurement. This includes a fixed foam volume collected, a fixed total foam volume and 
therefore fixed foam formation time, a fixed gas flow rate, initial liquid volume, initial  algae 
concentration, and surfactant concentration. In this way the different surfactants can be 
appropriately compared in terms of algal partitioning as defined with Equation 3.C.3. 
Table 3.C.1. Notation related to the mass balances. 
Symbol Explanation  
ε local liquid fraction in the foam, thus the liquid volume incorporated in the foam divided by 
the foam volume 
εavg average liquid fraction in the foam 
Cxinitial biomass concentration in the initial solution, before foam formation 
Cxbulk biomass concentration in the bulk liquid phase 
Cxfoam local biomass concentration in the liquid fraction of the foam 
Cx,avgfoam average biomass concentration in the liquid fraction of the foam 
Vbulk bulk liquid volume (liquid layer underneath the foam) 
Vtotal total foam volume 
Vinitial total liquid volume of the foaming solution, measured prior to foam formation 
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Abstract 
The liquid foam-bed photobioreactor is a recently developed photobioreactor concept that 
allows for cost reduction in microalgae cultivation. Long term operation was not yet achieved, 
due to degradation of the surfactant. In this study, Pluronic F68 was applied for foam 
stabilization. In order to compensate for the low algae partitioning to Pluronic F68 stabilized 
foam, liquid recirculation was introduced into the reactor design. The microalgal suspension 
was continuously pumped from the bottom of the reactor to the top of the foam column where 
it was allowed to drain down again through the foam. This new design allowed increased mixing 
and, thereby, a homogenous algae distribution within the reactor. The volumetric mass transfer 
coefficient for CO2 in the foam-bed was 0.14 s-1, revealing that the gas transfer rate is an order 
of magnitude higher compared to bubble column reactors. This characteristic, together with a 
very high gas residence time, allows for a dramatic reduction in gas flow rate and a high carbon 
dioxide utilization efficiency. Long-term cultivation (>500 h) of Chlorella sp. was achieved in 
a stable foam-bed. The areal productivity of the foam-bed photobioreactor was 57 g m-2 d-1, 
which is slightly lower than maximally achieved in flat panels under similar conditions. This is 
possibly related to substantial light scattering taking place in the foam leading to a steeper light 
gradient and increased reflection. The reactor dilution rate and the liquid recirculation rate were 
not optimized during our experiments and there is room for further improvement. During 
continuous reactor operation, biomass densities of more than 20 g L-1 could be maintained. This 
biomass density is a factor of 10 higher compared to traditional, liquid phase photobioreactors, 
thereby, contributing to reduced energy requirements for microalgae harvesting.  
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4.1 Introduction 
Current photobioreactors are not yet economically feasible for mass production of microalgae 
[1-3]. In order to reduce production costs, an alternative photobioreactor design, utilizing foam 
instead of liquid for microalgae production was developed [4]. This liquid foam-bed 
photobioreactor is a promising microalgae cultivation concept, since it will allow for the 
reduction of harvesting costs due to the high biomass densities achieved. In addition, reduction 
in energy requirements are expected because of  reduced gassing rates, enhanced mass transfer, 
and lower pressure drop in the foam-bed photobioreactor. The reduced gassing rates are 
achieved as a result of the enhanced mass transfer and increased gas residence time. 
In the first explorative experiments on the foam-bed photobioreactor, the protein Bovine Serum 
Albumin was applied as surfactant. However, due to the loss of the foaming properties of this 
molecule, only short-term growth experiments could be carried out with a duration of 8 hours 
[4]. A detailed comparison of surfactants showed that Pluronic F68 is a promising surfactant 
for the foam-bed photobioreactor [5]. Pluronics are amphiphilic, non-ionic block copolymers, 
consisting of poly(ethylene oxide) and poly(propylene oxide) blocks [6]. Pluronics are widely 
used in cosmetics [7] or biomedical applications [8], and Pluronic F68 specifically is applied 
for shear protection in animal cell cultures [9]. When the liquid foam-bed photobioreactor is 
operated with Pluronic F68 as a surfactant instead of proteins, a longer operation time is 
expected since it showed no biodegradability in two week tests. In contrast to its good foaming 
properties and lack of toxicity, the drawback of this surfactant is the low microalgae partitioning 
to the foam phase. Therefore, the microalgal cells are not equally distributed over the foam and 
the underlying liquid phase; upon foaming the microalgal concentration is enhanced in the 
underlying liquid and reduced  in the foam phase. Thus, a large fraction of the algal culture is 
not illuminated, resulting in reduced growth rates. 
In order to eliminate the problem of low algal partitioning to the foam phase when Pluronic F68 
is applied, a new reactor design was established that circumvents algal gradients in the reactor. 
The high density microalgal suspension underneath the foam-bed is pumped to the top of the 
reactor and allowed to drain back down through the foam-bed. This liquid recirculation ensures 
equal algae distribution in the reactor, and also provides better mixing in the foam phase. The 
significant mixing expected in the foam column underneath the liquid addition point is related 
to convective motion and internal circulation in the froth [10, 11]. By distributing the microalgal 
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broth on the top of the foam column, the additional liquid will drain down in the foam structure, 
thereby, enhancing the liquid fraction of the foams [12]. At higher liquid fractions, both 
coarsening and coalescence is reduced, therefore, also more stable foams are produced [13, 14]. 
In foams without liquid addition, most of the liquid resides in the nodes and Plateau borders, 
while the liquid films are relatively thin (130-160 μm [15]). When considering mass transfer in 
foams, the thin films are prone to saturation [16, 17]. With increasing liquid fraction the film 
thickness increases, which results in increased concentration gradient in the film and also film 
saturation is eliminated [18]. Together with better liquid advection [16], the additional liquid 
supply leads to increased mass transfer rates. Besides influencing mass transfer, the enhanced 
liquid fraction and algae concentration also alters the light profile in foams [19]. 
The formed foam has to be broken in order to refresh the gas phase in the bubbles entrapped, 
and ensure sufficient carbon dioxide (CO2) for microalgal growth. The liquid jets originating 
from the liquid recirculation can serve as a foam breaking method [15, 20]. More specifically, 
foam breakage originates from the impact of the liquid droplets falling on the foam [21]. 
Spraying cell culture on foam was already reported to efficiently break foam [20]. Since the 
necessity of liquid recirculation also offers the possibility to break the foam, the need for 
external foam breakers is avoided. 
This study aims to reveal the potential of a novel liquid foam-bed photobioreactor design with 
internal circulation of the microalgae suspension over the foam-bed. Although liquid 
recirculation might be beneficial for a range of non-ionic surfactants, this study is focused on 
the application of Pluronic F68 due to its good foaming characteristics and its low toxicity and 
biodegradability [5]. Batch and continuous operation were carried out in order to test the system 
and determine reactor productivity and photosynthetic efficiency. Additionally, the mass 
transfer coefficient, mixing characteristics, and the light profile was characterized in this new 
photobioreactor design. 
4.2 Materials and methods 
4.2.1 The setup 
The foam-bed photobioreactor consists of a glass column surrounded by circular lights. The 
column is 55 cm high, has a diameter of 10 cm from height 0 to 6 cm and 49 to 55 cm, and a 
diameter of 10.4 cm in between. The gas distributor plate is installed at 3 cm height from the 
bottom of the glass column. Between 44 and 50 cm height, the reactor has a narrowing; at 47 
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cm height the column reaches the narrowest point with a diameter of 4 cm. A water jacket used 
for temperature control surrounds the glass column. Foam was formed by a mixture of N2 and 
CO2 gas, supplied via mass flow controllers (Brooks instruments, The Netherlands). The gas 
entered the reactor via a distributor plate containing conical holes of 100 µm diameter at the 
bottom and 30 µm at the top, all holes were placed 3 mm from each other. The N2 flow was 
humidified through a water bottle at 2 °C. After mixing the N2 and CO2 streams the gas dew 
point was analysed (E+E Elektronik dew point sensor). Finally, the gas was led over a filter 
(Whatman® PolyVENT 500, 0.2 μm) to sterilize the gas before entering to the reactor. 
The algae suspension was recirculated from the bottom of the reactor to the top. The point of 
intake of the algae suspension was 2 mm above the gas distributer plate. It was pumped to the 
top of the foam column by two peristaltic pumps. Both streams were further divided into two 
more streams. The total liquid volume in the tubes of the recirculation system was 20 mL. The 
resulting four streams were dispensed at the top of the reactor narrowing (5.5 cm below the lid) 
by four metal pipes with an inner diameter of 2 mm. The falling liquid contributed to foam 
breaking. However, when complete foam deconstruction did not take place at a sufficient rate, 
the foam level was still maintained at 5.4 cm below the top by a level sensor, controlling the 
inflow of the gas. More specifically, when the foam was in contact with the level sensor the gas 
inflow was automatically and temporarily stopped until the foam-bed dropped again below the 
level sensor. The gas was forced to leave the reactor through a condenser at 2 °C after which 
the gas dew point was measured and gas composition analysed (infrared analyser for CO2 and 
a paramagnetic analyser for O2, Servomex, UK).  
The temperature of the foam-bed was continuously monitored. A temperature probe was fitted 
inside a hollow metal tube filled with water, hanging in the foam bed 10 cm underneath the lid. 
Temperature regulation took place by an external cooling/heating unit recirculating water 
through the water jacket. The water temperature of this unit was adjusted manually to reach the 
desired temperature in the foam-bed.  A pH probe was connected to a T-junction placed within 
the liquid recirculation line. In addition, a liquid sampling port was placed in the recirculation 
line. The foam-bed inside the cylindrical reactor was illuminated from all sides resulting in a 
homogenous light level over the reactor surface. More specifically, a circular light source was 
constructed, consisting of 8 vertical light panels placed around the column as an octagon. Each 
panel was composed of 24 warm-white LEDs (Avago ASMT-MY22-NMP00) equipped with a 
plastic lens with FHWM of 25.5° (Part no. 10393, Carclo-optics, UK).  
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The growth experiments were conducted in batch and chemostat modes. During chemostat 
mode media was pumped in and out by two peristaltic pumps. The inflow media bottle was 
continuously mixed with a magnetic stirrer to keep the surfactant dispersed and prevent its 
accumulation at the liquid surface. This media was sterilized by pumping through a 0.20 µm 
filter (Sartolab P-20 or Sartobran 300, Sartorius, Germany). Reactor weight, weight of the 
media bottle (inflow), and weight of the harvest bottle (outflow) were measured by analytic 
balances. These balances were linked to a data acquisition system interfaced via a computer by 
means of a LabView (National Instruments, USA) virtual instrument allowing for continuous 
data logging and process control. The reactor weight and, as such, liquid volume were 
maintained constant by continuously adjusting the inflow pump rate, while the outflow pump 
was running at a fixed speed. A picture and a schematic overview of the setup is presented in 
Figure 4.1.  
 
Figure 4.1. A) Picture of the foam-bed photobioreactor B) Schematic overview of the setup. 
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4.2.2 Reactor operation 
To monitor microalgal growth in the reactor, two samples were taken daily and analysed for 
optical density, cell count and biovolume (cell volume per liquid volume), PSII quantum yield, 
and microscopic analysis. Microalgal dry weight (DW) concentration was also measured daily 
from the outflow bottle during continuous operation with C. vulgaris. After the measurements, 
the outflow bottle was emptied, and the measured DW represents an average over 24 hours. For 
C. sorokiniana, the biovolume was translated to a dry weight value with a conversion factor of 
0.5 gram dry weight per millilitre cell volume [22]. For C. vulgaris, following the direct DW 
measurements from the outflow bottle, a calibration curve was made and a correlation factor of 
0.516 gram per millilitre was found, which was applied to convert biovolume to DW in the 
reactor samples. 
The reactor was operated aseptically and was autoclaved only between operation with different 
strains. The volume at the bottom of the reactor directly above the sparger (3 cm) was covered 
with aluminium foil to prevent any algae from growing in the suspension underneath the foam-
bed. Microalgal biofilms were re-suspended after each sampling moment using a magnet coated 
in silica gel. Biofilm formation depended on species and process conditions as will be discussed 
later. The Pluronic F68 concentration is expressed in terms of its critical micelle concentration 
(CMC) values. The CMC value of Pluronic F68 (Panreac, Applichem, A1288, BioChemica), 
was 0.334 g L-1. 
A superficial gas flow speed of 0.61 mm s-1 was supplied into to the reactor, containing 16.1% 
v/v CO2 in N2. This gas flow was temporarily stopped in case foam breaking was not complete 
and the foam level reached the level sensor. Although the off-gas composition was continuously 
monitored, the analysis was not representative when the gas supply was stopped due to high 
foam levels. Therefore, in case of low measured CO2 concentrations in the off-gas, CO2 
limitation was prevented by increasing the inlet CO2 concentration to 32.3%. This way, the off-
gas CO2 concentration was increased to be above 5%.  
For C. sorokiniana, a total liquid volume of 470 ml was used, however, for continuous 
operation, only 450 ml was left due to sampling losses. During algae growth experiments the 
surfactant Pluronic F68 was added at a concentration of 0.5 CMC shortly before inoculation, 
thus, a foam-bed with only media was generated prior to inoculation. The temperature of the 
foam was maintained at 37 °C. During the first day of operation lower light intensities were 
applied to prevent photoinhibition after which the incident light intensity was increased to 1446 
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μmol m-2 s-1. The microalgal suspension was recirculated over the foam-bed at a superficial 
velocity of 0.59 mm s-1. For continuous reactor operation a dilution rate of 0.1 h-1 was applied.  
For C. vulgaris, a continuous run was performed, at two different operational conditions. The 
reactor dilution rate was 0.064 and 0.049 h-1 and the superficial liquid recirculation speed was 
0.38 and 0.73 mm⋅s -1, respectively. The liquid flow rate for continuous operation and the 
dilution rate was determined based on the weight increase of the outflow bottle, indicated by 
the balance underneath. The batch phase lasted for 46 hours after which continuous operation 
was initiated. The settings for continuous operation were changed again after 289 hours. A 
Pluronic F68 concentration of 0.4 CMC was used. The reactor temperature was set at 35 ˚C. 
Before inoculation, a foam-bed was formed with only surfactant and media. After inoculation 
the total liquid volume was 220 ml, and it was increased to 228.5 mL when the operational 
conditions were changed halfway the continuous run. Because of observed fluctuations in pH, 
the pH was occasionally manually adjusted by NaOH addition. During the 2-days batch phase 
the light intensity was increased in multiple steps because of the possibility that C. vulgaris was 
more light sensitive than C. sorokiniana. During continuous operation an incident light level of 
1205 µmol m-2 s-1 was maintained for C. vulgaris.  
4.2.3 Microalgae, inoculum cultivation conditions and media 
Chlorella sorokiniana (CCAP 221/8K) was obtained from the Culture Collection of Algae and 
Protozoa in Oban, Scotland. Chlorella vulgaris (MACC 4) was obtained from the 
Mosonmagyaróvár Algal Culture Collection in Hungary. However, 18S sequencing of this 
strain showed 99.9% similarity to C. sorokiniana, while only 99.6% similarity to C. vulgaris. 
The obtained DNA sequence is presented in Appendix 4.A. Both strains were cultivated using 
a 3 times concentrated M8a medium, as described by [4], with 60 mM urea and 10 mM 
phosphate salts. The pH of the medium was adjusted to 6.7 for C. sorokiniana and 7.4 for C. 
vulgaris. The media were filter sterilised using a Sartobran 300 0.2 µm filter (Sartorius, 
Germany). 
Algal cultures were maintained in 250 ml shake flasks with 100 ml culture volume in an 
incubator operating at 25 °C, with orbital shaker set at 120 rpm. The light intensity was 35 - 40 
µmol m-2 s-1 applied in a 16:8 day/night cycle at atmospheric CO2 concentration. Prior to reactor 
inoculation, daughter cultures were placed in another incubator with a CO2 concentration of 5% 
v/v and stirring at 100 rpm with a magnetic rod. In this homemade incubator the Erlenmeyer 
flasks were illuminated from below by a warm-white LED (BXRAW1200, Bridgelux, USA, 
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Livermore). C. sorokiniana cultures were grown at a temperature of 37 °C and with continuous 
light of 620 μmol m-2 s-1. C. vulgaris cultures were grown at 35 °C and 500 µmol m-2 s-1 
continuous light supply.  
The growth experiments and the mass transfer coefficient (kLa) and bubble size measurements 
were carried out with a different batch of surfactants (batch II, obtained Dec. 2016) compared 
to the experiments for liquid fraction, light distribution and mixing properties (batch I, obtained 
Oct. 2015). The produced foam was similar in terms of bubble size and foam stability at 0.5 
CMC of batch II as batch I at 5 CMC.  
4.2.4 Analytical methods 
The optical density was measured in duplicate by a spectrophotometer (Hach-Lange DR6000) 
at 680 and 750 nm. 
The cell number and cell diameter were determined in duplicate with a Beckman Coulter 
Multisizer 3 (Beckman Coulter Inc.), using a 50 µm aperture tube. Samples were diluted in 20 
ml Isoton II diluent.  
Dry weight measurements were carried out by vacuum-filtration of microalgal solution through 
a Whatman GF/F glass microfiber filters (diameter of 55 mm, pore size 0.7 μm). Prior to 
filtration, the empty filters were pre-wet with de-mineralized water. After filtering the sample 
containing 1-10 mg algal biomass, the filter was rinsed twice with de-mineralized 
water. Before, and after the filtration, the filters were dried at 100 °C for 24 hours and, 
subsequently, cooled down in a desiccator for 2 hours before determining their weight. 
The PSII quantum yield was measured using an Aquapen fluorimeter (AquaPen AP 100, PSI, 
Czech republic). The PSII quantum yield (Fv/Fm) is a measure of the photosystem II efficiency 
[4]. Prior to measurements at 620 nm (C. sorokiniana) or 450 nm (C. vulgaris), the samples 
were placed for 15 minutes in dark. 
𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣
𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓
= 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓− 𝐹𝐹𝐹𝐹0
𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓
       Equation 4.1 
In Eq. 4.1, F0 is the minimum fluorescence measured after dark adaptation and Fm is the 
maximum fluorescence measured after applying the saturating light flash at 3000 umol m-2 s-1 
[23]. 
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The growth rate (μ, h-1), volumetric and areal productivity (PV, g L-1 h-1 and PA, g m-2 h-1, 
respectively), and biomass yield on light (Yx/ph,  gCx  molphotons-1) during batch and continuous 
operation were calculated according to Eq. 4.2-4.5.  
𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏ℎ = ln 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡1)𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡0)
𝑖𝑖𝑖𝑖1−𝑖𝑖𝑖𝑖0
  𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐 = 𝐷𝐷𝐷𝐷 = 𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿
𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿
      Equation 4.2 
𝑃𝑃𝑃𝑃𝑉𝑉𝑉𝑉
𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏ℎ = 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥(𝑖𝑖𝑖𝑖1)−𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥(𝑖𝑖𝑖𝑖0)
𝑖𝑖𝑖𝑖1−𝑖𝑖𝑖𝑖0
  𝑃𝑃𝑃𝑃𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐 = 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 ⋅ 𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿     Equation 4.3 
𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴
𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏ℎ = 𝑃𝑃𝑃𝑃𝑉𝑉𝑉𝑉⋅𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿
𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
  𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐 = 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥⋅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖    Equation 4.4 
𝑌𝑌𝑌𝑌𝑥𝑥𝑥𝑥/𝑝𝑝𝑝𝑝ℎ = 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸 • (3.6 • 10−3)         Equation 4.5 
Where Cx is the biomass density (g L-1),  t is the time (h), VL is the liquid volume (L), Ailluminated 
is the illuminated surface area of the reactor (m2), E is the irradiating light intensity (μmol m-2 
s-1), D is the dilution rate (h-1) and FL is the liquid flow rate (L h-1). For batch cultivation, the 
linear growth phase was considered, while during continuous operation, the averaged steady 
state values were applied. The photons leaving the reactor as a result of transmission or 
reflection were neglected. For the calculations, the DW converted from cell volume 
measurements was applied for C. sorokiniana, while the measured DW from the outflow bottle 
was used in case of C. vulgaris. 
4.2.5 Retention time and mixing properties 
Mixing in the reactor was characterized by monitoring the flow of coloured liquid in the foam 
column. According to preliminary measurements, the retention time of biomass and ink did not 
differ significantly. Thus, instead of liquid recirculation, liquid containing ink (Parker Quink 
blue ink diluted 10x with demineralised water) was supplied at the top of the foam column via 
the liquid recirculation inlets, at 4 points in a circle of 4 cm diameter. The time required for the 
blue colour to arrive at the liquid layer underneath the foam-bed at the bottom of the reactor 
was monitored, and this time will be referred as the retention time. To ensure that ink drainage 
takes place homogenously in the foam column, pictures were taken every 10 seconds. The ink 
was supplied at a superficial velocity of 0.85 mm s-1. Foams were created by N2 gas, with a 
superficial velocity of 1.7 mm s-1, and the initial solution contained 5 CMC Pluronic F68 in a 
total of 400 mL solution. The effect of surfactant concentration, gas flow rates and ink addition 
rates were investigated. During the experiments with reduced gas flow rates, the foam was still 
formed with 1.7 mm s-1, and the gas flow rate was only changed to the desired one after the 
foam was formed. Measurements were conducted 3-5 minutes after the foam had formed in 
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order to stabilise the foam at a certain condition and reach a steady liquid fraction. The level 
sensor based gas control was active during the stabilization time. During the measurement, the  
control was stopped.  
4.2.6 Liquid fraction and bubble size 
The liquid fraction and the bubble size of the foam was measured in order to calculate the 
specific surface area present in the foam-bed photobioreactor. The liquid fraction of the foam 
was determined at 5 CMC surfactant concentration (batch I), 0.59 mm s-1 liquid recirculation 
superficial velocity and 0.79 mm s-1 superficial gas velocity. The liquid fraction was determined 
by quantifying the amount of liquid added or removed from the reactor to maintain 100 ml 
liquid on the bottom of the reactor. It was assumed that all the liquid present in the reactor 
minus the 100 ml at the bottom was in the foam phase. 
The bubble size in the foam was determined after 30 minutes of the foam formation. A 
photographic image of the foam was taken at 9 cm and 35 cm above the gas distributer plate. 
Thirty five bubbles were measured with the help of a ruler that was included in the pictures. 
The ruler was placed outside the reactor, against the glass wall and the camera was aligned in 
the horizontal plane. For these measurements, a surfactant concentration of 0.5 CMC was 
applied (batch II). The measurement was conducted at 0.48 mm s-1 superficial liquid 
recirculation velocity and 0.4 mm s-1 superficial gas velocity. 
4.2.7 Light distribution 
The fluence rate distribution in the reactor was measured inside the foam structure, at different 
positions with a 4π spherical PAR quantum sensor (US_SQS/A, Walz Gmbh, Germany). 
Fluence rate was measured in duplicates at each point, where duplicates were created by 
measurement at the opposing sides of the reactor. Measurements were carried out in an empty 
reactor (cooling jacket filled with water), in a clear foam formed by 5 CMC Pluronic F68 (batch 
I), and with the same foam containing C. sorokiniana biomass (OD at 750 nm of 5.68, 
corresponding to 1.58 g L-1 biomass DW). Foams were formed with N2 gas at a superficial 
velocity of 1.7 mm s-1, but during the light measurements the gas flow was stopped. A liquid  
recirculation rate of 0.52 mm s-1 was applied. Measurements were done at 26 and 31 cm height 
from the gas distributor when the horizontal light attenuation was investigated. The spherical 
light sensor was positioned in the centre of the reactor by attaching it to a cord with a weight. 
Spacers were placed between the cord and the sensor for the light measurements at different 
Improved liquid foam-bed photobioreactor design for microalgae cultivation  
84 
 
positions in relation to the light exposed surface. In order to relate fluence rates to the irradiance, 
additional measurements were done with the flat 2π PAR quantum sensor (SA-190, LiCor, 
USA)  directly behind the glass wall in an empty reactor. A calibration curve for the irradiance 
as a function of lamp power was set up measured at 14, 26 and 36 cm height, and each height 
at 8 point, at three different light settings. 
4.2.8 Volumetric mass transfer coefficient determination 
The mass transfer coefficient (kLa) in the foam-bed photobioreactor was experimentally 
determined by measuring O2 transfer in the foam-bed. A method based on gas-phase analysis 
was applied [24] since it does not require measurement or sampling of the liquid phase, which 
is difficult when working with foams. In order to maximize the driving force for the transfer of 
O2 from gas to liquid, an oxygen scavenging compound, sodium sulphite (Na2SO3, 50 g L-1), 
was added to the liquid phase. As such, the dissolved oxygen concentration could be kept at 0. 
In order to catalyse O2 scavenging by sulphite, cobalt chloride (CoCl2) was added at 10 µmol 
L-1 [25]. A temperature of 37 °C was maintained in the reactor. A nitrogen-oxygen mixture was 
supplied for foam formation. In the first experiment, a superficial gas velocity of  0.79 mm s-1 
was applied containing 13.61% v/v oxygen. In the second experiment, a superficial gas velocity 
of 0.59 mm s-1 was applied containing 15.87% v/v oxygen. The superficial liquid recirculation 
velocity during both experiments was 0.59 mm s-1. The foaming solution contained Pluronic 
F68 surfactant at a concentration of 5 CMC (batch II). The high surfactant concentration of 5 
CMC was required since the solution applied (50 g L-1 Na2SO3 and CoCl2 dissolved in 
demineralized water) resulted in decreased foam stability.  
The kLa was also determined for the situation when the reactor was operated as a bubble column 
reactor. The reactor was filled up until the narrowing with demineralized water containing 
Na2SO3 and CoCl2, without surfactant. Gas was supplied at a superficial velocity of 0.59 mm 
s-1 containing 15.87% v/v oxygen. The reactor system was flushed with nitrogen prior to 
experiments. 
The oxygen concentration of the ingoing and outgoing  gas was monitored by off gas analysis. 
The outgoing gas was analysed after passing through a condenser at 2 ºC. The level sensor 
based control of the gas supply was not activated during the kLa measurements because a steady 
gas flow was required. In order to prevent the possibility of foam entering the off-gas analysis 
equipment a bottle with antifoam and a stirring magnet was introduced after the condenser. 
When a steady state was reached in the outgoing oxygen concentration, the obtained average 
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steady state oxygen concentration was used to calculate the volumetric mass transfer coefficient 
(kLa). The kLa, s-1 was calculated according to Eq. 4.6 based on the molar fractions of O2 in the 
inflow and outflow gases (yin and yout, respectively), the constant molar flow rate of non-oxygen 
carrying gas (Gcarry, mol s-1), the foam-bed volume (VF, m3), total pressure (pT, atm) and the 
Henry coefficient (HO2, m3 atm mol-1). This equation is based on a mass balance over the gas 
phase, and results in an average kLa value over the whole reactor. 
𝒃𝒃𝒃𝒃𝑳𝑳𝑳𝑳𝒊𝒊𝒊𝒊 = −𝑯𝑯𝑯𝑯𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶 ∙𝑮𝑮𝑮𝑮𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄 𝒑𝒑𝒑𝒑𝑻𝑻𝑻𝑻 ∙ 𝑽𝑽𝑽𝑽𝑭𝑭𝑭𝑭 (𝑳𝑳𝑳𝑳𝒊𝒊𝒊𝒊� 𝒄𝒄𝒄𝒄𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝟏𝟏𝟏𝟏−𝒄𝒄𝒄𝒄𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
𝟏𝟏𝟏𝟏−𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
� + 𝒄𝒄𝒄𝒄𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇
𝟏𝟏𝟏𝟏−𝒄𝒄𝒄𝒄𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇
−  𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
𝟏𝟏𝟏𝟏−𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
)    [24]   Equation 4.6 
KLa for CO2 was calculated using the square root of the ratio of the diffusion coefficients for 
CO2 and O2 [26]. The diffusion coefficients at 37 ˚C and 1 atmosphere were calculated for 
CO2 and for O2 according to [27] and [28], respectively. 
4.3 Results and discussion 
4.3.1 Mixing in the reactor 
Mixing in the foam-bed photobioreactor was visualized by replacing the recirculation flow at 
the top of the reactor by coloured liquid. Pictures taken of the ink drainage in the foam column 
are presented in Figure 4.2. At the moment the ink arrives to the bottom of the reactor ( after 
54 s), almost the whole reactor is coloured blue, indicating that the recirculated liquid  also 
spreads in the horizontal direction. In other words, liquid drainage takes place equally over the 
whole reactor cross section and not only in the centre. The foam volume immediately below 
the neck where liquid distribution takes place, turned blue after approximately 60 seconds, 
indicating that in this volume the liquid mixing is relatively low. Potentially, mixing can be 
further improved by a re-design of the curvature of the neck. 
Notable mixing, both in the horizontal and the vertical direction, takes place in the top of the 
foam-bed because of the continuous liquid supply, as also observed in previous studies [10, 11]. 
Internal circulations in the  foam might occur due to the difference in the density between wet 
and dry foam, since immediately underneath the liquid addition point, more wet foam is created 
[11].   
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Figure 4.2. Distribution of blue ink over the foam-bed in time. Each picture was taken at a 10 second interval starting 
from the left. The moment when the ink arrives to the bottom of the reactor (retention time) is at 54 s, which is 
between the 5th and 6th picture, indicated with a red vertical line. 
The liquid retention time in the foam-bed was investigated in foams formed under different 
conditions. The retention time is defined as the time required for the ink to arrive at the bottom 
of the reactor. With increasing ink supply rate, mimicking increased superficial liquid 
recirculation velocity, the liquid retention time decreases (Figure 4.3A). This is related to an 
increase in the net downward superficial liquid velocity, which is due to both the increased 
superficial liquid addition rates and also the enhanced gravity induced drainage due to increased 
liquid fractions [12]. Since the net downwards superficial liquid velocity increases faster than 
the liquid fraction, the retention time will be reduced. At the lowest superficial liquid velocity, 
the liquid distribution was not equal and, therefore, the measurements do not represent 
homogeneous drainage over the whole foam column. 
Due to the enhanced counter-current gas supply, the upward going liquid flux is elevated, and 
the liquid retention time increases at the highest gas flow rate tested (Figure 4.3B). The effect 
of gas flow rate on the liquid retention time, however, is small compared to the effect of the 
recirculating liquid flow. Also, increased surfactant concentration were found to result in an 
increased retention time. This is possibly related to a reduction of bubble size at increased 
surfactant concentrations, as described previously [4]. Smaller bubbles lead to a decrease of the 
liquid drainage rate [12], and, therefore, the supplied liquid resides longer in the foam structure. 
The retention time increases by 28% at a three times increased surfactant concentration of 15 
CMC (data not shown).  
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Figure 4.3. Retention time in the foams formed at A) different superficial liquid  recirculation velocities; B) different 
superficial gas velocities. The error bars represent the standard deviation of triplicate measurements. 
4.3.2 Light distribution 
Since foam has a highly scattering nature due to multiple gas-liquid interfaces, which all reflect 
and refract light, diffuse light is generated inside the foam structure [19]. Therefore, photons 
are scattered towards multiple directions, and the photon flux microalgal cells perceive can be 
best described by the flux incident on a sphere of unit cross section, called fluence rate. Fluence 
rate is measured with a spherical light sensor, which collects light from all directions and is 
equally sensitive for each direction. In contrast, during the growth experiments, we refer to the 
photon flux density at the bioreactor light exposed surface, which is measured with a flat sensor 
collecting light only from a single hemisphere. This flat sensor is cosine corrected and is, thus, 
less sensitive for large angles of incidence. 
The measurements illustrated in Figure 4.4A show that the fluence rate in the empty reactor is 
higher than the photon flux density (irradiance in Figure 4.4A) at the reactor surface. Since the 
reactor is illuminated from all sides, a considerable difference between photon flux density and 
fluence rate can be observed. In a real liquid foam-bed the fluence rate is even higher than in 
the situation of an empty reactor (Figure 4.4A). This is related to the light scattering behaviour 
of the foam. Light rays will be scattered many times when passing through a foam-bed, resulting 
in a more diffuse (isotropic) light field. In clear foam, a peak can be observed at 1.4 cm depth, 
after which the fluence rate continuously decreases towards the centre of the reactor because of 
light scattering. The fluence rate peaking a given distance from the light exposed surface is 
related to a photon flux developing in the opposite direction as the incident light flux because 
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of multiple scattering events in the foam. This backward flux also leads to substantial light loss 
form the reactor and it adds to the reflection of light at the reactor surface. 
In the case where light absorbing microalgae are present within the foam, the fluence rate will 
quickly drop when moving deeper in the foam-bed, towards the direction of the central axis 
(Figure 4.4B). Already at a microalgae concentration of 1.58 g L-1, no light is present in the 
centre of the reactor at an irradiance of 1607 μmol m-2 s-1, indicating that at higher biomass 
concentration a significant dark volume is present in the centre of the foam column. The vertical 
fluence rate distribution in the foam column was not homogenous and these results are 
presented in Appendix 4.B. 
 
Figure 4.4. A) Horizontal light profile in the bioreactor filled with air, clear foam, and microalgae enriched foams at 
160 μmol m-2 s-1 irradiance. B) Horizontal light attenuation in foams with different photon flux densities: 161, 321 
and 1607 μmol m-2 s-1 at a biomass concentration of 1.6 g L-1.  
4.3.3 Determination of the mass transfer coefficient 
The mass transfer coefficient of the lab-scale foam-bed photobioreactor was experimentally 
determined. The first experiment at 0.79 mm s-1 superficial gas velocity lead to an average kLa 
of 0.141 s-1, while the second experiment at 0.59 mm s-1 superficial gas velocity resulted in a 
kLa of 0.113 s-1 (Table 4.1). The kLa for CO2 is 98% of the value for O2 when calculated with 
the square root of the ratio of the diffusion coefficients, resulting in a value of 0.135 s-1 and 
0.108 s-1, respectively. The reduction of kLa at reduced superficial gas velocity is a well-known 
phenomenon [29, 30], and  is most likely related to reduced mixing and turbulence [31]. The 
obtained kLa values are equal to, or slightly higher than, kLa values measured in other foam-bed 
systems [16, 32]. 
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In order to compare the kLa values of foam-bed photobioreactors with bubble column reactors, 
the foam-bed photobioreactor was also operated as a bubble column reactor. Triplicate 
measurements resulted in an average kLa value for O2 of 0.019 s-1. This value is higher than 
reported for other bubble column photobioreactors of 0.001-0.007 s-1 [33], possibly due to the 
reduced bubble size in our reactor, which was equipped with a gas distributor with very small 
holes. Thus, under the same conditions the kLa for foam-bed operation was 6 fold higher than 
for bubble column operation.  
Table 4.1. The average O2 concentration in the inlet and outlet gas, the superficial gas velocity applied and the 
calculated volumetric mass transfer coefficient, kLa for both O2 and O2 gases in the foam-bed photobioreactor during 
operation as a foam-bed and as a bubble column. 
 O2 in            
[% v/v] 
O2 out 
[% v/v] 
Superficial gas 
velocity [mm s-1] 
kLa  O2 
[s-1 ] 
kLa  CO2 
[s-1 ] 
Foam-bed experiment 1 13.61 1.47 0.79 0.141 0.135 
Foam-bed experiment 2 15.87 1.44 0.59 0.113 0.108 
Bubble column experiment 15.87 11.22 0.59 0.019 0.019 
Literature value foam-bed [16] - - 11-14.7 0.011 0.12-0.14 
The specific surface area in the foam-bed photobioreactor can be calculated when the bubble 
size and the liquid fraction are known. An average bubble size of 0.74 mm was measured at 
0.48 mm s-1 superficial liquid recirculation velocity and 0.4 mm s-1 superficial gas velocity. The 
liquid fraction of the foam was 11.9% at 0.59 mm s-1 liquid recirculation superficial velocity 
and 0.79 mm s-1 superficial gas velocity. At increased liquid recirculation and gas flow rates, 
the liquid fraction of the foam increased and the bubble size slightly decreased. In order to 
calculate a rough estimate of the specific surface area, the differing experimental conditions for 
the bubble size and liquid fraction measurements were neglected. The specific surface area can 
be calculated according to [16], and results in a value of 7142 m-1, which is more than double 
reported for other foam-bed systems [16]. This can be explained by the small bubbles created 
in our reactor, however, the possibility of underestimation of bubble size cannot be excluded. 
Bubble size measurements by image analysis of pictures taken at the reactor wall result in an 
underestimation of real bubble size [34, 35]. 
According to our calculations, the specific surface area in a foam-bed is 10 to 140 fold higher 
than that in a bubble column reported by Perry et al. [16]. Since the increase of kLa is smaller 
than the increase of specific surface area in a foam-bed compared to a bubble column, the liquid 
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side mass transfer coefficient kL in foam–beds must be lower than those in bubble column 
reactors. This reduction in kL is possibly  related to the presence of surfactants [36, 37] attaching 
to the bubble surfaces, to small and less mobile bubbles [36, 38], or reduced superficial 
velocities [39] in the foam-bed photobioreactor. The stagnant boundary layer is possibly more 
rigid due to the presence of surfactants and reduced bubble sizes in the foam-bed, and also it is 
thicker to reduced slip velocity between the gas and the liquid phases. 
During algal growth experiments, higher kLa values are expected because the ionic strength of 
the algal cultivation medium is lower than the ionic strength of the sodium sulphite solution 
used during the kLa determination. According to Jamnongwong et al., the ionic strength has an 
effect on the mass transfer by altering the diffusion coefficient [40]. Following the calculations 
of Solomon [41], the ionic strength introduced by Na2SO3 is 1.19 mol L-1, which corresponds 
to a greater than 27% reduction of the diffusion coefficient for O2 [40]. Thus, the kLa value 
during microalgal growth in the liquid foam-bed photobioreactor probably is higher than the 
value determined in this experiment. 
4.3.4 Chlorella sorokiniana batch growth in the foam-bed photobioreactor 
Two experiments were carried out in order to evaluate specific growth rate, reactor productivity, 
and maximal cell density in a foam-bed photobioreactor operated in batch mode. The measured 
biovolume concentrations were converted to dry weight concentration and the resulting growth 
curve is presented in Figure 4.5. The maximal specific growth rate achieved was 0.23 h-1 
assuming exponential growth during the first 3 hours. This growth rate approaches the 
maximum specific growth rate of 0.27 h-1 [42]. In the following linear growth phase, light 
limitation occurred. The more rapid increase in biomass concentration during run 2 is related 
to an earlier increase of light level. During the stationary phase (47.5-70 hours), algal growth 
was possibly limited by nutrients instead of light. The average biomass concentration during 
the stationary phase was 21.7-25.7 g L-1. The maximal possible cell density of C. sorokiniana 
when grown on the medium was determined at 22.26 g L-1 based on the nitrogen concentration 
in the medium, the cell composition and C-molar weight reported by Duboc et.al. [43]. During 
the stationary phase, the dry weight still increased slightly, while the cell number (not shown) 
and photosynthetic efficiency decreased. This can be explained by accumulation of storage 
compounds due to nitrogen starvation [44, 45]. The photosynthetic efficiency was measured as 
the quantum yield of PSII photochemistry (see Appendix 4.C). The quantum yield decreased 
after 40 hours, which is an indication of nitrogen limitation [46]. 
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During the experiment the rate of foam breaking was lower than the rate of foam formation 
and, therefore, the gas supply was frequently stopped when foam reached the foam level sensor. 
The time that gas was supplied into the reactor was found to be 25% of the total time in which 
microalgae were cultivated (Table 4.2 and Appendix 4.D). This translates into an average 
superficial gas velocity of 0.16 mm s-1. The dew point measurements demonstrated that the 
amount of water vapour leaving the system was negligible: less than 1 mL water has evaporated 
during the whole run. The pH was not actively regulated. The average pH values during the two 
runs were 6.5 and 6.7, varying between pH values of 6.1 and 7.6 (see Table 4.2 for averages 
and Appendix 4.D for more details). Variations are partly caused by the change in dissolved 
CO2 concentration resulting from varying microalgal CO2 uptake during the batch run. For 
another part pH variations are related to the discontinuous gas supply. Since fluctuating pH 
results in sub-optimal growth conditions for C. sorokiniana, higher growth rates could have 
been obtained if the pH was regulated [47]. The temperature of the reactor was 36 ˚ C on average 
(Table 4.2 and Appendix 4.D). The small difference between the optimal growth temperature 
of 37 ˚C and the actual temperature was due to the indirect temperature control by manual 
adjustment of the temperature of the water bath. Foam stability during the batch runs declined, 
as observed by bigger bubbles and reduced liquid fraction. In order to maintain the original 
foam stability, occasional surfactant addition was necessary. 
During the batch experiments with C. sorokiniana, biofilms from the reactor surface were 
removed twice a day. In the time periods in between, however, a thin biofilm developed 
repeatedly. Additional batch experiments without biofilm removal (data not shown) 
demonstrated that algae growth was severely reduced due to biofilm formation as we observed 
a 50% reduction in growth rate and maximal biomass density.  
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Figure 4.5. Growth curve of C. sorokiniana obtained in two batch cultivation experiments. Cultivation conditions: 
superficial gas velocity 0.61 mm s-1; 470 mL of liquid culture with 0.5 CMC Pluronic F68; superficial liquid 
recirculation rate 0.59 mm s-1. Light intensity was increased from 482 to 1446 μmol m-2 s-1 after 6 h (run 1) and 23 
h (run 2). 
Table 4.2. Average pH, temperature (T), relative time period of gas supply and PSII quantum yield during all 
microalgae cultivation experiments in the liquid foam-bed photobioreactor. For pH and temperature the actual range 
of variation is indicated by minimal and maximal values observed. The detailed measurements are presented in 
Appendix 4.D. For the batch experiments, the averages of the whole operation are presented, while for continuous 
operation only the averages during the steady-states (circled boxes in Figure 4.6 and 4.7) are shown.  
   
Average 
pH 
Min-
max pH 
Average 
T [˚C] 
Min-Max T  
[˚C] 
Period 
gassing 
[%] 
PSII Quantum 
yield 
Batch C. sorokiniana 
1 6.70 6.3-7.6 36.0 33.8-36.4 25.7 <40 h: 0.71 
>40 h: 0.54-0.66 
2 6.46 6.1-7.0 36.1 34.7-37.4 25.1 <40 h: 0.72 
>40 h: 0.55-0.70 
Chemostat 
C. sorokiniana 
1 7.01 6.5-7.6 35.5 35.2-36.1 16.1 0.68 
2 6.81 6.6-7.2 35.9 35.6-36.3 21.4 0.70 
C. vulgaris 
1 6.55 6.5-6.7 32.4 31.4-34.0 100.0 0.71 
2 6.56 6.2-8.1 31.4 29.8-34.0 73.8 0.70 
4.3.5 Continuous cultivation of C. sorokiniana in the foam-bed photobioreactor 
Continuous cultivation of C. sorokiniana was performed in the foam-bed photobioreactor. First 
microalgae were grown under a batch regime for 20 hours, after which the chemostat mode was 
initiated. At the end of the batch phase, an average cell density of 3.6 g L-1 was reached and a 
dilution rate of 0.1 h-1 was introduced. The evolution in biomass concentration during the 
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experiment is shown in Figure 4.6. The biomass concentrations within the red square were 
assumed to be representative of a steady state situation (run 1: 70.2 - 167.2 hours, and run 2: 
64.6-143.3 hours). The growth pattern of the duplicate experiments were similar, and the steady 
state biomass concentrations were 6.1 and 7.5 g L-1 on average. The steady state lasted only 3-
4 days, since after this time period biomass concentration started to decline due to profound 
biofilm formation.  
The average PSII quantum yield was 0.68 and 0.70 during the steady states of the two duplicate 
runs. This quantum yield was identical to that of the inoculum, indicating that the efficiency of 
photosystem II of the C. sorokiniana cells was not affected by the cultivation conditions, such 
as the presence of surfactant, or the shear stresses introduced by foam formation and liquid 
recirculation [4]. While the average pH was close to the optimum pH of 6.7, pH values of 7.6 
were observed during the first run, which might reason the slightly reduced quantum yield 
during run 1 compared to run 2 (Table 4.2).  
Gas supply to the reactor was active less than 25% of the time because of the foam level 
frequently reaching the level sensor. This indicates that the foam stability was too high and/or 
the foam breaking by the liquid recirculation supplied on the top of the foam column was not 
efficient. Based on visual observation of bubble size and liquid fraction the foam stability in 
this experiment was increased compared to the batch operation. This is possibly related to the 
continuous surfactant supply of fresh surfactant via the media inflow. Surfactant concentration 
analysis indeed demonstrated that at the end of the batch phase, the surfactant concentration in 
the liquid phase was less than half compared to the average value during continuous chemostat 
operation (see Appendix 4.E). The severe decrease in surfactant concentration during a batch 
can be explained by degradation or absorption of the molecule. The average surfactant 
concentration in the liquid phase during continuous operation was 30% of the surfactant 
concentration in the inlet media, which is presumably related to surfactant molecules 
accumulating in the foam phase and also to their degradation or adsorption. 
During steady state, samples taken from the bioreactor showed an oscillating pattern in the dry 
weight concentration. This repetitive difference between consecutive samples is possibly 
related to biofilm formation. Algal biofilms shade light from the cells present in the foam, 
resulting in a reduction in the measured steady-state biomass concentrations. After cleaning the 
walls, the removed biofilm temporarily increase the liquid phase concentration. Biofilm 
formation was quicker and more severe at the end of the experiments, possibly caused by the 
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selection for biofilm formation due to the chemostat operation. An additional measurement of 
the dry weight concentration in the outflow bottle at the end of the experiment (Run 2) resulted 
in a 1.35 times higher biomass concentration in comparison to the reactor sample. The biomass 
concentration in the outflow bottle presumably is higher because it was collected over a 24 hour 
period and, thus, included part of the biomass originating from the biofilm removal. The reactor 
samples were always taken prior to biofilm removal and, therefore, the biomass concentrations 
presented in Figure 4.6  do not represent the real capability of the system. Calculating bioreactor 
productivity from these reactor samples will lead to an underestimation of the productivity 
including biofilm formation. 
The significance of biofilm formation was further demonstrated by additional experiments 
without biofilm removal (data not shown). In those experiments, the maximal biomass 
concentration reached was only 5.3 g L-1, and steady state could not be reached. Because of the 
increasing biofilm thickness the light supply to the liquid phase continuously decreased, 
resulting in biomass wash-out. 
 
Figure 4.6. Microalgal dry weight concentration in the foam-bed photobioreactor during two identical chemostat 
experiments. The measured microalgal biovolume concentration was converted to dry weight by means of a 
calibration factor value. The dashed vertical line indicates the point in time where reactor dilution was started. 
Operational conditions: dilution rate 0.1 h-1; superficial gas velocity 0.61 mm s-1; 450 mL of liquid culture with 0.5 
CMC Pluronic F68; superficial liquid recirculation rate 0.59 mm s-1. Light intensity was increased from 482 to 1446 
μmol m-2 s-1 after 20 h. 
4.3.6 Continuous cultivation of C. vulgaris 
In order to achieve a longer operational time and also a longer steady state period, an algal strain 
was required that has reduced ability for biofilm formation compared to C. sorokiniana. 
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Chlorella vulgaris MACC4, a strain closely related to C. sorokiniana, showed less biofilm 
formation in other studies in our laboratory. This strain was, therefore, tested in the foam-bed 
photobioreactor. In order to accommodate for residual biofilm formation the daily procedure of 
bringing the biofilm back into suspension by scraping the bioreactor surface was maintained, 
but liquid samples were also taken from the outflow bottle. Sampling the outflow bottle, instead 
of sampling the reactor, holds the advantage that the removed biofilms are contained within. 
Moreover, since the outflow was collected over 24 hours, dry weight measurements in Figure 
4.7 represent the complete 24 h interval before the given time point.   
The effect of two different operational conditions on the performance of the foam-bed 
photobioreactor was investigated. The operational conditions were differing in terms of dilution 
rate and liquid recirculation rate. The recirculation rate was lowered to 61% of the recirculation 
rate during the reactor runs with C. sorokiniana, 0.38 mm s-1, in order to investigate the 
possibility of more energy-efficient operation. For this modification, the diameter of the inlet 
tubes had to be reduced to 1 mm in order to ensure equal liquid flows through the 4 tubes. In 
addition, this resulted in continuous liquid jets, which appeared to be more effective to break 
foam than discontinuous dripping. The liquid volume in the reactor was reduced compared to 
the previous experiments in order to minimize the liquid layer underneath the foam-bed, and to 
accommodate for the reduced liquid fraction in the foam at reduced recirculation rate.  
The batch growth period lasted for 46 hours, where a specific growth rate of 0.175 h-1 was 
reached in the first 3 hours of operation, at a photon flux density of 241 µmol m-2 s-1. At the 
end of the batch phase, a biomass concentration of 25.9 g L-1 was achieved according to 
microalgal biovolume determinations from the liquid phase (Figure 4.7). After this batch phase 
the chemostat mode was initiated with a dilution rate of 0.064 h-1. The light intensity during 
continuous operation was 1205 µmol m-2 s-1. The biomass concentrations within the first red 
square in Figure 4.7 were used to define the steady state situation. The average biomass density 
in the outflow during steady state was 20.2 g L-1, while the reactor measurements indicated 22.4 
g L-1. 
The low recirculation rate resulted in a dry foam and, therefore, the foam stability was reduced 
due to coarsening and coalescence being more dominant in dry foams, contributing to foam 
collapse [13, 14]. The foam volume decreased, and the foam height was generally below the 
level sensor. Due to the dry foam, the level sensor based foam volume control did not work 
properly; dry foam has low conductivity and was, therefore, not detected. Consequently, 
Improved liquid foam-bed photobioreactor design for microalgae cultivation  
96 
 
continuous gas supply took place and occasionally foam overflow left the reactor through the 
gas outlet. This liquid loss led to an underestimation of the reactor dilution rate. 
After the first steady state, at 289 hours, the recirculation rate was doubled to 0.73 mm s-1. A 
steady state biomass concentration of 21.6 g L-1 was achieved between 333.3-504.8 hours 
according to measurements from both the reactor and the outflow bottle. This is similar to the 
biomass concentration achieved during the previous steady state, possibly due to the 
simultaneous variation of two parameters. Not only the recirculation rate changed, but it 
appeared that also reactor dilution rate changed. More specifically, since higher recirculation 
rates increase the liquid fraction of the foam, the liquid layer underneath the foam column was 
minimal. Therefore, a mixture of foam and liquid filled up the recirculation tubing, and the 
outflow pump also transported some bubbles leading to a reduction in the dilution rate. The 
dilution rate was determined to be 0.049 h-1. The reduced dilution rate is expected to result in 
increased biomass densities, while the increased recirculation rate results in increased liquid 
fraction in the foam, which contributes to increased self-shading of algal cells. 
Since foam stability increased because of a wetter foam at higher recirculation rate, the foam 
level control was active. On average gas was supplied to the reactor 73.8% of the time during 
steady state (Table 4.2 and Appendix 4.D). The increased gassing time compared to the C. 
sorokiniana reactor experiments are possibly due to reduced foam stability, which can be 
related to the application of a lower surfactant concentration of 0.4 CMC instead of 0.5 CMC. 
Clear correlations could be observed between the pH fluctuations and the irregular gas supply. 
In case the gas supply was stopped, the pH values rose (data presented in Appendix 4.D) 
because the dissolved CO2 concentration dropped and bicarbonate dissociated to CO2 and OH-
. The pH varied between 6.2 and 8.1, which might have caused a reduction in growth rate during 
the steady state (Table 4.2 and Appendix 4.D). 
In conclusion, when C. vulgaris was cultivated, high biomass densities could be maintained in 
the reactor for prolonged time periods. This long operational time (21 days) and stable steady 
state biomass concentrations achieved, compared to C. sorokiniana, are explained by the severe 
reduction of biofilm formation when C. vulgaris was cultured. After 21 days the reactor 
operation was stopped, although foam stability was not compromised. 
Steady state biomass concentrations of C. vulgaris under batch and continuous growth 
conditions are really close to the maximum biomass concentration the growth media could 
support. Since the PSII quantum yield showed small deviations during steady state and was on 
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average 0.70 (Table 4.2 and Appendix 4.C), we conclude that no severe nutrient limitation 
occurred.  
 
Figure 4.7. Microalgal dry weight concentration of C. vulgaris in a continuously diluted foam-bed photobioreactor. 
Biomass concentration was determined by biovolume measurements from the reactor (DW biovolume) and also by 
direct dry weight measurements from the outflow bottle (DW filter). Light intensity was changed from 241 to 482, 
804 and 1205 μmol m-2 s-1 after 21, 27 and 45 h. The left dashed vertical line indicates the point in time where 
reactor dilution was started. Operational conditions from 46 to 289 h: dilution rate 0.064 h-1; superficial liquid 
recirculation rate 0.38 mm s-1; 220 mL liquid culture with 0.4 CMC Pluronic F68; superficial gas velocity 0.61 mm s-
1. The second dashed line indicates a change of operation condition: dilution rate 0.049 h-1; superficial liquid 
recirculation rate 0.73 mm s-1; 228.5 mL liquid culture. 
4.3.7 Evaluation of the foam-bed photobioreactor performance 
Comparing the reactor performance to a previous liquid foam-bed photobioreactor design, 
significant improvements were achieved during batch operation. In that study, the same algal 
species but a different surfactant, BSA was applied [4]. The maximal reactor operation time 
reported in the previous study was only 8 hours. Longer reactor runs were not possible since 
the surfactant lost its foaming properties with time. The most relevant improvement, therefore, 
is the stability of the system, which allowed continuous cultivation for long time periods. The 
possibility of longer cultivations originates from the use of a non-degradable surfactant, 
Pluronic F68, which allowed for 3 weeks of continuous reactor operation and possibly more. 
These stable and longer runs enabled the evaluation of the photobioreactor in terms of maximal 
biomass densities achieved, volumetric and areal reactor productivity and yield on light, as 
presented in Table 4.3. For the batch experiments, values were calculated for the light limited 
linear growth phase [48], while for chemostat experiments the steady state biomass 
concentration was used. 
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In terms of areal productivities and yield on light the batch experiments performed slightly 
better than the chemostat cultivation experiments. For the batch experiments, the linear growth 
phase was considered, where the biomass densities were between 5-15 g L-1. Although in batch 
cultivation biomass concentrations are continuously changing, the results indicate that the 
optimum biomass concentration for maximal productivity is within the above mentioned range. 
When the optimal biomass concentration is applied, chemostat experiments are expected to 
result in comparable productivities, since the culture is constantly kept in the linear growth 
phase. Although the biomass concentration of C. sorokiniana in continuous experiments were 
close to the ones of the batch run, the areal productivity and yield on light was lower than in 
the linear phase under batch conditions. This is possibly because the removed biofilms remained 
in the reactor during batch operation, which is in contrast to continuous runs where this 
additional biomass was partially pumped out without being measured. Additionally, during the 
longer chemostat experiments, the biofilm formation was more severe compared to the batch 
runs, possibly due to selection for biofilm-formation.   
Comparing the chemostat experiments with C. sorokiniana and C. vulgaris, the runs with C. 
sorokiniana were shorter and the steady state was less stable due to more intense biofilm 
formation. This biofilm formation of C. sorokiniana cells must have negatively affected the 
measured productivity and yield on light because the biomass grown in algal biofilms were 
partly not measured and the biofilm will shade the cells growing in the foam. However, still 
slightly higher biomass productivity was reached during the C. sorokiniana runs, possibly due 
to the cell concentration being closer to the optimal biomass concentration for maximal 
productivity. From the tested dilution rates, the highest value, 0.1 h-1 resulted in the highest 
areal productivity, suggesting that biomass concentrations around 6-8 g L-1 are optimal and 
further reduction in dilution rate does not result in increased productivities.  The high biomass 
concentrations achieved during C. vulgaris cultivation show that long-term cultivation at high 
densities is feasible and foams are stable with 20-25 g L-1 biomass. Although such a high 
concentration is suboptimal for this reactor, it would be practical in a thinner system. 
When comparing our results to values from literature achieved in flat panel systems, yield on 
light and the areal productivity reached in the foam-bed photobioreactor are lower than in flat 
panels (Table 4.3). Suboptimal dilution rate, biomass concentration (C. vulgaris) and biofilm 
formation (C. sorokiniana) were already discussed before. Another important factor 
contributing to this lower productivity of the foam-bed is related to the light scattering nature 
of foam [49]. Scattering results in a steeper light gradient in the photobioreactor, since part of 
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the photons change direction and will not take the shortest path towards the centre of the reactor. 
In fact a photon flux will develop in the opposing direction. Close to the light-exposed surface 
the fluence rate, therefore, is higher than the irradiance, leading to oversaturation of the 
microalgal photosystem, while the centre of the reactor has insufficient light supply. 
Additionally, surface reflection and bulk reflection originating from the scattered light 
orientated backwards lead to light losses [50] and, thereby, contributing to the reduced 
productivity. 
In the studies by Tuantet et al. [51] and Cuaresma et al. [52] a range of dilution rates were tested 
and the optimal dilution rate for the maximal productivity is presented in Table 4.3. Since in 
our study no deliberate optimization was performed, higher productivities might be achieved 
when optimal dilution rates are applied. For example, in the study by Cuaresma et. al., at a 
dilution rate of 0.12 h-1, only 60% of the productivity expected was achieved [52]. Additionally, 
at high liquid fractions or high biomass concentrations, the yield on light is reduced as 
maintenance becomes a more dominant factor. In the interior of the reactor, and in the liquid 
layer underneath the foam-bed, where no light is available, the culture will convert internal 
biomass for maintenance purposes and, therefore, the biomass yield on light will decrease [53]. 
Results presented in Figure 4.4 already demonstrated that even at 1.6 g L-1 biomass 
concentration, no light is present in the centre of the reactor, implying that when the biomass 
concentration is increased to 20 g L-1, a substantial part of the reactor is dark. To summarize, 
increased dilution rates, thinner reactors and reduced liquid fractions will further increase 
productivities. Additionally, the productivity can be improved when the liquid volume in the 
reactor that is not illuminated is minimized. In these experiments, the liquid layer on the bottom 
of the reactor and in the tubing account for 20 to 50% of the total liquid volume. 
Further improvements of the foam-bed photobioreactor must be realized aiming at more 
efficient foam breaking, resulting in a more stable foam-bed volume. This will also allow for 
continuous gas supply and, thus, also continuous CO2 supply rate. In our study, CO2 limitations 
were prevented by applying high CO2 concentrations. However, high CO2 uptake efficiency can 
only be achieved when the CO2 supply is continuous, which would consequently also prevent 
pH fluctuations. More efficient foam breaking can be achieved when re-designing the top of 
the foam column, and additionally by reducing the foam stability. This can be achieved by 
reduced surfactant concentrations or reduced gas and liquid flow rates. 
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Despite the reduced yield on light and areal productivity results compared to traditional flat 
panel systems, the foam-bed photobioreactor holds great potential for obtaining high cell 
density microalgae biomass, which introduces a cost reduction for downstream processing [4]. 
The achieved high biomass densities can be further improved when reduced liquid recirculation 
rates or thinner reactors are applied. In a foam-bed, a minimum factor of 3.5 increase in biomass 
concentration can be achieved compared to flat panels at similar dilution rates and light 
intensities [52], indicating that the foam-bed photobioreactor is advantageous when aiming for 
high biomass densities.  
Table 4.3. Summary of the reactor performance during batch and chemostat cultivation of C. vulgaris and C. 
sorokiniana in the foam-bed photobioreactor: biomass density Cx ,  areal productivity rxareal , biomass yield on light 
Yx/ph, volumetric productivity rxvolumetric and dilution rates D. Cx represents an average value during steady state for 
the chemostat operation, or the average biomass density during stationary phase in batch cultivations. Operational 
conditions C. sorokiniana: liquid recirculation rate 0.59 mm s-1; liquid volume 470 ml (batch) or 450 ml (chemostat), 
light intensity 1446 μmol m-2 s-1. Operational conditions C. vulgaris: liquid recirculation rate 0.38 and 0.73 mm s-1 (1 
and 2 in table below); liquid volume 220 and 228.5 ml (1 and 2 in table), light intensity 1205 μmol m-2 s-1. The flat 
panel experiments were done under the following conditions: 1) 2100 μmol m-2 s-1, 14 mm light path 2) 1500 μmol 
m-2 s-1, 14 mm light path  3) 1530 μmol m-2 s-1, illuminated from both sides, 10 mm light path. 
Operational 
mode 
Culture strain Run 
Cx 
[g L-1] 
rxareal 
[g m-2 h-1] 
Yx/ph 
[g molph-1] 
D  
[h-1] 
Batch  
foam-bed 
C. sorokiniana 
1 21.72 2.92 0.57 - 
2 25.66 2.43 0.47 - 
Chemostat 
foam-bed 
C. sorokiniana 
1 7.49 2.36 0.45 0.1 
2 6.12 1.93 0.37 0.1 
C. vulgaris 
1 20.23 1.98 0.46 0.064 
2 21.55 1.70 0.39 0.049 
Flat Panel C. sorokiniana 
1 [52] 2.1 7.7 1.0 0.24 
2 [54] 2.3 4.96 0.86 turbidostat 
3 [51] 11 5.3 0.98 0.1-0.15 
4.4 Conclusions 
A novel liquid foam-bed photobioreactor design was successfully employed for microalgae 
cultivation. Chlorella sorokiniana and Chlorella vulgaris were grown efficiently when Pluronic 
F68 was applied as a surfactant. In order to compensate for the low algae partitioning to the 
foam phase, liquid recirculation was introduced to the reactor design. This recirculation ensured 
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homogenous algae distribution in the reactor. The new design together with the good foaming 
characteristics of Pluronic F68 enabled increased foam stability and long-term operation (<500 
h). Mixing in the reactor was facilitated by the liquid recirculation, resulting in homogeneous 
distribution of the recirculated liquid in the axial direction. The retention time of the recirculated 
liquid in the foam phase was 54 s. The mass transfer coefficient in the foam-bed (kLa) was an 
order of magnitude higher compared to a bubble column reactor operated under the same 
conditions. The increased rate of CO2 transfer together with a longer gas residence time will 
allow for reduced gas supply requirements of the foam-bed. For the first time, continuous 
cultivation of microalgae in a foam-bed photobioreactor was realised. An areal productivity of 
2.4 g m-2 h-1 was achieved, which is expected to further improve when optimized dilution rates 
and liquid recirculation rates are applied. A further increase of productivity can be achieved 
when the foam breaking is improved and the liquid volume underneath the foam column is 
minimized. During continuous operation, a cell density above 20 g L-1 was maintained. Due to 
the increased gas transfer capacity, and the high biomass densities achieved, the liquid foam-
bed photobioreactor presents a promising design that might contribute to reduced energy 
requirements. 
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Appendix 4.A: 18S sequence of Chlorella vulgaris MACC4 
GTATAAACTGCTTTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTATTTGATGGTACCTACT
ACTCGGATACCCGTAGTAAATCTAGAGCTAATACGTGCGTAAATCCCGACTTCTGGAAGGGACGTATTTATTA
GATAAAAGGCCGACCGGGCTCTGCCCGACTCGCGGTGAATCATGATAACTTCACGAATCGCATGGCCTTGC
GCCGGCGATGTTTCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGAGGCCTACCATGGTGGTA
ACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAG
GCAGCAGGCGCGCAAATTACCCAATCCTGACACAGGGAGGTAGTGACAATAAATAACAATACTGGGCCTTTT
CAGGTCTGGTAATTGGAATGAGTACAATCTAAACCCCTTAACGAGGATCAATTGGAGGGCAAGTCTGGTGCC
AGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTT
CGGGTGGGGCCTGCCGGTCCGCCGTTTCGGTGTGCACTGGCAGGGCCCACCTTGTTGCCGGGGACGGGC
TCCTGGGCTTCACTGTCCGGGACTCGGAGTCGGCGCTGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAGGC
CTACGCTCTGAATACATTAGCATGGAATAACACGATAGGACTCTGGCCTATCCTGTTGGTCTGTAGGACCGG
AGTAATGATTAAGAGGGACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCTTGGATTTATGAAA
GACGAACTACTGCGAAAGCAtTTGCCAAGGATGTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGAC
GATTAGATACCGTCCTAGTCTCAACCATAAACGATGCCGACTAGGGATCGGCGGATGTTTCTTCGATGACTC
CGCCGGCACCTTATGAGAAATCAAAGTTTTTGGGTTCCGGGGGGAGTATGGTCGCAAGGCTGAAACTTAAA
GGAATTGACGGAAGGGCACCACCAGGCGTGGAGCCTGCGGCTTAATTTGACTCAACACGGGAAAACTTACC
AGGTCCAGACATAGTGAGGATTGACAGATTGAGAGCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGCCGT
TCTTAGTTGGTGGGTTGCCTTGTCAGGTTGATTCCGGTAACGAACGAGACCTCAGCCTGCTAAATAGTCACG
GTTGGTTCGCCAGCCGGCGGACTTCTTAGAGGGACTATTGGCGACTAGCCAATGGAAGCATGAGGCAATAA
CAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTAGCCT
TGGCCGAGAGGCCCGGGTAATCTTTGAAACTGCATCGTGATGGGGATAGATTATTGCAATTATTAATCTTCAA
CGAGGAATGCCTAGTAAGCGCAAGTCATCAGCTTGCGTTGATTACGTCCCTGCCCTTTGTACACACCGCCCG
TCGCTCCTACCGATTGGGTGTGCTGGTGAAGTGTTCGGATTGGCGACCGGGGGCGG 
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Appendix 4.B: Vertical fluence rate distribution in a liquid foam-
bed photobioreactor 
The vertical fluence rate distribution in the liquid foam-bed photobioreactor was not 
homogenous (Figure 4.B.1). In case the reactor contained clear foam, at approximately 26 cm 
height from the sparger, the fluence rate started steeply decreasing until the narrow part was 
reached. Immediately below the narrowing (measured at 41 cm height) the fluence rate 
decreased to approximately half of the value measured at lower positions at the central axis. 
This decrease is possibly due to the narrowing of the reactor where light escapes via the cooling 
chamber. The same phenomena was observed when the fluence rate was measured in air, but 
the decrease was more prominent. 
 
Figure 4.B.1. Fluence rate distribution in the liquid foam-bed photobioreactor as a function of reactor height at 321 
μmol m-2 s-1 irradiance. 0 cm height indicates where the sparger was placed, and the reactor narrowing was between 
44 and 50 cm, with the narrowest point at 47 cm height. 
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Appendix 4.C: Quantum yield of PSII photochemistry 
The PSII quantum yield of C. sorokiniana and C. vulgaris cells during cultivation in the liquid 
foam-bed photobioreactor are presented in Figure 4.C.1. The quantum yield during the batch 
cultivation of C. sorokiniana declined, possibly because of nutrient limitation. During the 
chemostat operation the PSII quantum yield of both strains remained constant. 
 
Figure 4.C.1. PSII Quantum yield of microalgal cells during cultivation in a liquid foam-bed photobioreactor. A) C. 
sorokiniana, batch reactor operation (see Figure 4.5 in main text), B) C. sorokiniana, chemostat reactor operation 
(see Figure 4.6 in main text), C) C. vulgaris, chemostat reactor operation (see Figure 4.7 in main text). The dashed 
line in B) and the first dashed line in C) indicate the end of the batch phase, while the second dashed line in C) 
indicate the change of operational conditions. 
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Appendix 4.D: Dynamics of gas supply, pH and Temperature 
during growth experiments  
The pH, temperature and the relative time period of gas supply during all microalgae cultivation 
experiments are presented in Figure 4.D.1, 4.D.2 and 4.D.3. 
 
 
Figure 4.D.1. pH, temperature and the dynamics of gas supply for batch operation of C. sorokiniana (see Figure 
4.5 in main text). The ‘gas supply’ is the percentage of the total operational time that gas was supplied to the reactor, 
presented as 1-hour moving average. A) Run 1, B) Run 2. 
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Figure 4.D.2. pH, temperature and the dynamics of gas supply for the steady state of the chemostat operation of 
the liquid foam-bed photobioreactor cultivating C. sorokiniana (see Figure 4.6 in main text). The ‘gas supply’ is the 
percentage of the total operational time that gas was supplied to the reactor, presented as 1-hour moving average. 
A) Run 1, B) Run 2. 
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Figure 4.D.3. pH, temperature and the dynamics of gas supply for the steady state of the chemostat operation of 
the liquid foam-bed photobioreactor cultivating C. vulgaris (see Figure 4.7 in main text). The ‘gas supply’ is the 
percentage of the total operational time that gas was supplied to the reactor, presented as 1-hour moving average. 
The dashed vertical line represents the change in operational conditions. During this experiment, a manual pH 
control was applied: 0.1 M NaOH was added to the culture occasionally to restore the pH. 
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Appendix 4.E: Surfactant concentration 
During the first chemostat experiment with C. sorokiniana, the Pluronic F68 concentration was 
determined in the reactor samples. To measure the surfactant concentration in the medium, a 
colorimetric assay was performed [55]. Biomass was removed from the reactor samples by 
centrifugation, and the supernatant fractions were stored at 4 ˚C until analysis. During analysis 
250 μl sample was mixed with 25 μl trichloroacetic acid and 250 μl methanol and vortexed for 
30 sec. Afterwards, it was centrifuged at 12000 x g, and the supernatant was transferred to a 
new tube with 250 μl cobalt thiocyanate reagent and 250 μl ethyl acetate. The cobalt thiocyanate 
reagent contained 200 g L-1 ammonium thiocyanate and 30 g L-1 cobalt nitrate hexahydrate. 
The mix was vortexed for 30 sec and centrifuged at 12000 x g for 5 min. The supernatant was 
carefully discarded. The pellet was washed with 1 ml ethyl acetate and subsequently centrifuged 
at 12000 x g for 5 min. This step was repeated three times after which the pellet was air dried. 
Finally the dried pellet was dissolved in 1 ml acetone. The absorbance was measured in a 
spectrophotometer (HACH DR6000) at 624 nm using a quartz cuvette. Pure acetone was used 
for blank measurements. A calibration curve produced by dissolving Pluronic F68 in medium 
was used to convert the obtained absorbance to Pluronic F68 concentration. 
The growth medium contained 0.52 CMC Pluronic F68 according to our analysis. Already at 
the time of first sampling, the surfactant concentration in the reactor dropped to half of this 
initial concentration (Figure 4.E.1). This reduction of the concentration in the liquid phase is 
most likely related to the surfactant characteristic of Pluronic as it will concentrate on the gas-
liquid interface in the foam-bed. Therefore, the liquid layer underneath the foam column was 
depleted from surfactant molecules while the foam phase had increased surfactant 
concentrations [56].  
The Pluronic F68 concentration decreased further until the end of the batch phase of the 
continuous cultivation experiment. The surfactant concentration was only 0.06 CMC at 20 
hours. At this point, increased bubble sizes and decreased liquid fraction was also observed 
visually. When the chemostat mode was initiated the surfactant concentration became stable 
around 0.15 CMC because of the continuous supply of surfactants.  
The observed surfactant concentration decrease at the end of the batch phase might be due to 
surfactant absorption or degradation. Since biodegradation of the molecule in 20 days is 
unlikely [5], chemical or thermal degradation, or absorption to the reactor walls or to the 
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microalgal cells could have occurred. This observed decrease in Pluronic F68 concentration 
explains the decreased foam stability observed at the end of the three days batch cultivation of 
C. sorokiniana. 
 
Figure 4.E.1. Pluronic F68 concentration in the reactor, expressed in terms of the CMC values of the surfactant, 
during the first chemostat reactor experiment with C. sorokiniana (Run 1). The growth medium contained 0.52 CMC 
Pluronic F68. The dashed line represents the start of the continuous operation. The error bars show the deviations 
from the average value for the duplicate measurements. 
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Abstract 
The liquid foam-bed photobioreactor is a novel photobioreactor for microalgae cultivation. A 
mathematical model was developed to evaluate its potential, and to optimize the design and 
operation of a large-scale unit. This model describes light limited microalgal growth in a rising 
foam column in a foam-bed photobioreactor, which is continuously operated at constant 
biomass density. The microalgae-containing liquid is recirculated from the bottom of the reactor 
and dispersed equally on the top of the foam column, in order to ensure homogenous microalgae 
distribution and a wet and stable foam. The model combines calculations of liquid fraction 
gradient, light penetration, microalgal growth, and gas transfer in the foam-bed. The liquid 
fraction and light model was experimentally validated. The areal productivity of a 5 cm deep 
foam-bed photobioreactor operated at 30 g L-1 microalgae and 1500 μmol photons m-2 s-1 was 
estimated to be 67.7 g m-2 d-1. This productivity is slightly lower compared to what is achievable 
in flat panels, which is related to light scattering in the foam-bed. Nevertheless, the advantages 
of the foam-bed photobioreactor, such as high gas transfer rate and high biomass densities, were 
confirmed with the simulations. In addition, it was calculated that a CO2 uptake efficiency of 
97% can be obtained ensuring minimal CO2 loss. These benefits result in reduced gas supply 
requirement and reduced energy required for downstream processing. The total energy required 
for the production and separation of 1 g biomass in liquid foam-beds is only 8.5% of what is 
required in flat panels with suspended biomass. These results highlight the potential of foam-
bed photobioreactors for large scale application for microalgae production. 
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5.1 Introduction 
In order to produce microalgal biomass at reduced costs and energy requirements, the 
importance of photobioreactor design has been highlighted in several studies [1-3]. A liquid 
foam-bed photobioreactor is an alternative photobioreactor concept to existing liquid-phase 
photobioreactors [4]. This reactor configuration was developed in order to reduce the energy 
requirements related to harvesting and gas supply. The reduction in harvesting costs is based 
on increased biomass densities due to the short light absorption length in the photobioreactor. 
The improved mass transfer is related to the increased surface area between the gas and the 
liquid phase, and the increased contact time between the CO2-enriched gas and the microalgae-
containing liquid. Additionally, reduced energy requirement for the gas supply is due to the 
reduced pressure drop in the reactor since the density of the foam is reduced compared to liquid. 
These presumed advantages, however, require exact characterization of the physical, chemical, 
and biological phenomena taking place in the reactor. Besides, in order to quantify the possible 
energy savings, the algal growth in the foam-bed photobioreactor has to be numerically 
evaluated. Therefore, a model predicting the productivity and energy requirements of a foam-
bed photobioreactor was developed. 
The operation of a foam-bed photobioreactor is based on continuous gas supply to a shallow 
layer of microalgae and surfactant containing solution. Due to the presence of surfactants, 
bubbles are formed, which will rise until the top of the reactor. In order to refresh the 
incorporated gas, the foam bubbles have to be broken. A possible method is to externally break 
the bubbles in a foam breaker device, as described for a previous foam-bed design [4]. 
Alternatively, the foam can be broken inside the reactor at the top. Due to the internal foam 
breaking the liquid fraction of the foam is enhanced as a result of the extra liquid drainage 
resulting from the liquid flux deliberated from broken bubbles [5]. A practically convenient 
solution is to break the foam with water jets. These water jets can originate from the microalgae-
enriched liquid inside the reactor. Therefore, a liquid recirculation can be introduced, where the 
liquid from the bottom of the reactor is lead externally via pumps to the top where it is equally 
distributed over the foam column. This liquid drains down again in the foam column. Figure 
5.1 illustrates this improved foam-bed photobioreactor design including liquid recirculation and 
internal foam breaking. Due to the liquid recirculation and the internal foam breaking, the liquid 
fraction of the foam is enhanced. Enhanced liquid fraction in the foam is advantageous, since it 
produces a more stable foam [5], since both coalescence and coarsening are reduced [6,7]. In 
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thin reactors or high light intensities, this elevated liquid fraction is also beneficial to absorb all 
incident light by increasing the light absorption path (i.e. more algae behind the ‘window’) 
resulting in increased productivity. The proof of principle of such a system has been confirmed 
at laboratory scale [8]. 
 
Figure 5.1. Scheme of the liquid foam-bed photobioreactor modelled. The design of the foam-bed is improved 
compared to the previous design [4] : internal foam breaking and liquid recirculation has been introduced. 
To create foam, Pluronic F68 was found to be a suitable surfactant in the liquid foam-bed 
photobioreactor. Despite its good foaming properties, lack of toxicity, and low biodegradability, 
microalgal partitioning to the foam phase formed by Pluronic F68 is reduced. Therefore, the 
microalgal concentration in the liquid content of the foam is lower compared to the liquid layer 
below the foam [9]. The liquid recirculation also circumvents this problem and ensures equal 
algal distribution in the foam, thereby resulting in an elevated microalgae concentration in the 
foam. 
The model developed in this study describes a flat panel foam-bed photobioreactor with liquid 
recirculation and homogeneous liquid distribution on the top of the foam column. The reactor 
was operated in continuous mode: the biomass concentration does not change in time once a 
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steady state is reached. The growth of a model microalgae strain, Chlorella sorokiniana was 
described. The developed model provides insight into the most important biological, chemical, 
and physical phenomena linked to the operation of foam-bed photobioreactors. The aim of the 
model is to determine the potential of the foam-bed photobioreactor and compare its potential 
productivity and energy requirement to conventional photobioreactors, e.g. flat panels. Next to 
that, the model aids further improvement in system design and operation. To achieve this, the 
influence of several operational parameters were investigated. Experimental validation took 
place for the core elements of the model (liquid fraction and light penetration). 
5.2 Model structure, calculations, and assumptions 
We modelled a flat panel photobioreactor filled with foam, under continuous illumination. The 
biological parameters were based on Chlorella sorokiniana CCAP 211/8k, a very productive 
species thoroughly studied in our laboratory [10]. A turbidostat operational mode was 
considered and, consequently, the biomass concentration (Cx) in the system can be considered 
to be constant throughout the operation. In practice, turbidity can be continuously measured in 
the liquid layer underneath the foam or in the recirculated liquid phase. The corresponding 
reactor dilution rates are equal to the algal specific growth rates, which depend again on the 
value of Cx. Time changes were therefore not considered in the mass balances applied in this 
study. In the model we consider a constant pH of 6.7 throughout the whole foam column. In 
order to avoid CO2 limitation, the required CO2 concentrations were calculated and a constant 
gas flow rate was assumed. 
In the simulations both design and operational parameters are varied in order to predict 
productivity and energy requirements of large scale foam-bed photobioreactors of different 
dimensions and under different operational conditions. The effect of biomass concentration, 
light levels, gas flow rate, liquid recirculation rate, bubble size, and reactor depth was 
determined on biomass productivity and operational energy requirements. As a baseline, a 
reactor of 2 m height, 1 m width and 5 cm depth was considered, operated under 1500 µmol m-
2 s-1 incident light intensity, a biomass concentration of 30 g L-1, a gas flow rate of 0.5 mm s-1, 
and a liquid recirculation rate of 0.052 mm s-1. Although a width of 1 m was considered to 
define a ‘unit’, the model aims to simulate a 1 m wide block of a large scale reactor with infinite 
width. The applied values are presented in Table 5.1. 
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Table 5.1. Simulated design and operational conditions for the foam-bed photobioreactor. 
Variable Notation Values Unit 
Biomass concentration Cx 15 30 60 g L-1 
Light intensity E0 375 750 1500 µmol m-2 s-1 
Gas superficial velocity JG 0.05 0.5 2.5 mm s-1 
Liquid superficial velocity Jw 0.026 0.052 0.104 mm s-1 
Bubble size rb 0.5 1 2 mm 
Depth d 0.01 0.5 0.1 m 
The model structure is presented in Figure 5.2. Firstly the liquid fraction of the foam column is 
calculated as a function of height (ε). The liquid fraction profile is based on the physical-
chemical properties of the liquid phase containing surfactant and microalgae, the gas flow rate, 
and the liquid recirculation flow rate. Most existing models describing foam-bed reactors do 
not consider the liquid fraction gradient, but assume a constant liquid fraction in height [11]. 
The description of this gradient in this study allows for more precise calculations. This liquid 
fraction profile influences the optical properties of the foam at different heights: at higher liquid 
fractions more microalgae are present, and also the scattering properties of the foam will be 
influenced. Based on the optical properties of the foam, the local light availability inside the 
foam-bed can be predicted. The light penetration in the foam was modelled with the light 
diffusion theory. The foam has a highly scattering nature, thus at a certain position in the foam 
photons are arriving from all directions: in this case we talk about fluence rate (ɸ), owing the 
same units as irradiance [Wm-2 or µmol photons m-2 s-1]. From the local fluence rate availability, 
the microalgae growth rate (μ), the resulting biomass productivities (volumetric and areal 
productivity, rx and rxAreal, respectively) and biomass yield on light (Yx,ph) were calculated. The 
biomass production rate determines the CO2 requirements for the algal growth. With the gas 
transfer model, the CO2 concentration could be predicted that minimally needs to be supplied 
within the inlet gas phase (CCO2G,in). From the inlet and outlet CO2 concentrations the CO2 
uptake efficiency, ηCO2 could be determined. In addition, the O2 accumulation in the liquid 
phase (CO2L) could be calculated. The operational energy requirements (E) were then calculated 
based on the energy requirements for gas supply by gas blowers, liquid recirculation by liquid 
pumps, and biomass separation by centrifuges. 
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Figure 5.2. Scheme of the model describing the performance of foam-bed photobioreactors. The left column (blue 
rectangles) shows the model inputs, which are used to calculate the model outputs listed in the right column (green 
rectangles). The model outputs include liquid fraction as a function of height, ε(h); fluence rate distribution, ɸ(h,d,λ); 
local growth rates, μ(h,d); volumetric and areal biomass productivities, rx and rxAreal, respectively; biomass yield on 
light Yx,ph, inlet CO2 concentration, CCO2G,in; O2 concentration in the liquid phase CO2L; CO2 uptake efficiency (ηCO2) 
and biomass specific energy requirements, E. Explanation of model inputs can be found in Appendix 5.B. 
In the model, the following assumptions were applied: 
• The bubbles are spherical, with uniform size (no expansion in height due to pressure 
differences or due to gas diffusion, no coalescence/coarsening/breakage). A decreasing 
liquid fraction therefore means an increasing number of gas bubbles in a given volume. 
• The distribution of the recirculated liquid on the top of the foam column is homogenous. 
• The liquid phase is ideally mixed. Most previous models on foam-reactors assume 
stagnant liquid layers, where mass transfer is solely via diffusion [11,12], however these 
reactors did not apply liquid recirculation that enhance mixing. Ideally mixed liquid 
phase in case of liquid recirculation was reported previously [13]. This assumption is 
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further supported by the reduced retention time of recirculated the liquid compared to 
gas phase of the foam-bed. 
• The gas phase within each gas bubble is ideally mixed, similarly with previous foam-
bed models [12], but individual gas bubbles do not interact. 
• The liquid layer underneath the foam column has negligible volume. Therefore no gas 
transfer and no growth take place in this area. This assumption is made since in practice, 
the volume of this liquid layer is minimized.  
• Liquid phase density, surface tension, viscosity were measured once for a specific 
biomass density and assumed to be constant for the different simulations with different 
biomass densities. 
• The gas phase resistance is negligible, therefore only liquid phase gas transfer resistance 
(kL) is considered. 
• Henry’s law is applied for the dissolution of oxygen and carbon dioxide. We thus 
assume dilute solutions at low partial pressures. Solubility of oxygen and carbon dioxide 
is not corrected for increased ionic strength. 
• Absolute pressure is assumed to be 1 atm at each position in the foam-bed, since the 
hydrostatic pressure of the foam column simulated is less than 10% of 2 m water 
column.  
• All gases behave as ideal gasses. 
• No loss of H2O by evaporation takes place because the gas is humidified before entering 
the foam-bed. 
• No change in pH occurs across the foam-bed. 
• Light escaping from the foam reactor top or bottom is neglected. 
5.2.1 Liquid fraction gradient in foams 
The liquid fraction is an important parameter of foams, determined by surfactant type and 
concentration, gas flow rate, design of gas distributor, and further physical-chemical properties 
of both the foamed solution (density, viscosity, surface tension) and of the formed foams 
(bubble size, rigidity of interfaces and dispersity of bubble size distribution) [14]. It is well 
known that the liquid fraction in rising foams is not constant: at the bottom, at the point of foam 
generation wet foam is present, while at the top, the foam is drier because of drainage of the 
liquid [5]. The liquid fraction gradient in height in a rising foam can be calculated according to 
Yazhgur et. al [14]. In case additional liquid is supplied to the top of the foam column, the liquid 
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fraction of the foam is elevated due to the drainage of the supplied liquid through the foam-bed. 
To account for this, the theory of Yazhgur et. al can be supplemented by Stevenson’s concept 
about liquid addition from the top [5].  
The theory of Yazhgur is based on the calculation of the net superficial liquid velocity in rising 
foams, which can be obtained from the sum of the upward liquid movements and the relative 
downward liquid movements. The net superficial liquid velocity is constant through the foam-
bed due to the conservation of mass. The upward liquid flux is caused by gas bubbles rising and 
dragging liquid along upwards. However, the liquid does not travel at the same speed as the gas 
bubbles due to drainage. This drainage is caused by gravity but also counteracted by capillary 
forces originating from the osmotic pressure gradient in height. This osmotic pressure is created 
by the difference between the energetic states of the interfilms originating from the varying 
bubble sphericity, which is determined by the liquid fraction of foams. Consequently, liquid 
drainage through the foam depends on liquid fraction gradient. 
In a rising foam, the net liquid superficial velocity (Jf) owns an upward direction since the foam 
volume is continuously increasing and the volume of the liquid on the bottom used to form 
foam is thus decreasing. In case of additional liquid supply to the top of the foam column, the 
net liquid superficial velocity might change orientation. Considering continuous foam breaking 
at a given height, the water liberated from the broken bubbles can be seen as an additional liquid 
flux. Thus, the net liquid superficial velocity when foam breaking is applied will be 0, since the 
water addition rate resulting from foam breaking (Jwfb) equals to the net upward superficial 
velocity of a rising foam without foam breaking. In case both foam breaking and external liquid 
recirculation is applied, the net superficial velocity will be orientated downwards, and its value 
will equal to the water addition rate, Jfw+fb =–Jw. 
By knowing the steady state net liquid superficial velocity of the foam, the liquid fraction 
gradient in height of the foam can be expressed with the upward and downward liquid fluxes. 
A mathematical description of this theory can be found in Appendix 5.B. 
5.2.2 Light penetration in foams 
When a collimated beam hits the reactor surface, part of the light is reflected at the surface, 
while the remaining collimated light is attenuated in the foam-bed by algal absorption and 
scattering by the foam structure itself (caused by multiple reflections at the bubble liquid 
interface). By multiple scattering events, diffuse light is generated. Therefore, light propagation 
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in the foam-bed photobioreactor was modelled assuming light diffusion theory, which is 
required due to the highly scattering nature of the foam. Consequently, the algal cells in the 
foam-bed do not only receive light from a single direction but photons can arrive from each 
possible direction. In this case we talk about fluence rate, owing the same units as irradiance 
[Wm-2 or µmol photons m-2 s-1]. Diffusion theory is a relatively simple method to model light 
propagation in a scattering medium although the accuracy of diffusion theory is reduced close 
to the system boundaries and the light source, and in situations where strong absorption takes 
place compared to scattering [15]. 
The path of collimated light is indicated with yellow arrows in Figure 5.3. The attenuation of 
collimated light due to scattering and absorption is modelled based on Lambert Beers law. The 
diffuse light generated also attenuates in forward and backward directions due to further 
absorption and scattering as indicated with orange arrows in Figure 5.3. Both the collimated 
and diffuse light are partly reflected at the transparent reactor sides. In this study a reactor with 
glass walls was considered, therefore reflections at air-glass and glass-liquid interfaces were 
taken into account. 
The fluence rate can be predicted at each point in the reactor when knowing the reflection 
factors for both diffuse and collimated light at the reactor sides and the scattering and absorption 
coefficients of the foam with microalgae. The latter two are dependent on the liquid fraction, 
and thus on the height in the reactor. The scattering coefficient is further influenced by the foam 
bubble size, and the absorption coefficient is determined by the biomass concentration and the 
wavelength specific absorption cross section of the microalgal biomass. Scattering by the algal 
cells is not included in the model. For the simplicity of the light model, we did not consider the 
interaction of scattered light originating from different heights with different optical properties. 
Thus, the fluence rate at a certain height is only dependent on the liquid fraction at that given 
height and not on the liquid fraction in the layers below and above. This assumption proved to 
be acceptable because the calculated liquid fraction was constant over the largest part of the 
height. The liquid fraction was higher only over a few centimetres above the liquid level where 
foam is generated. Additionally the validity of light transport equations used in this study was 
confirmed by additional simulations using the diffusion approximation [15], which takes into 
account both the horizontal and vertical light spreading. The fluence rate distribution showed a 
perfect match with the diffusion approximation simulations under the simulation conditions, 
which might be reasoned by that when high biomass concentrations are applied and absorption 
increases, the influence of scattering from other layers is reduced. 
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Figure 5.3. Light propagation in a liquid foam-bed. The incident collimated light beam is partially reflected at the 
surface of the reactor (yellow arrows indicate collimated light). Collimated light transmitted through the reactor wall 
is absorbed and scattered inside the foam and, consequently, it results in diffuse light going in forward and backward 
directions (indicated by orange arrows). Both the collimated and the diffuse light inside the foam is partially reflected 
at the surface of the reactor before a light beam leaves the reactor. 
The theory for light propagation in an infinitely wide and high, but finitely thick slab (in depth), 
illuminated by wide-beam collimated light is considered [15]. The depth is defined in the 
direction of the incident collimated light beam. Since the reactor height is fixed at 2 m, edge 
effects taking place near the reactor top and bottom are neglected. There are no boundaries at 
reactor sides which are parallel to the incoming light since a 1 m wide element of an infinitely 
wide reactor is considered in our simulations. The light model developed in this study is 
mathematically explained in Appendix 5.B. It predicts the fluence rate in the reactor at any 
position (thus at given height and depth coordinates) accounting for the spectral distribution of 
the incident light and also the spectral distribution of the absorption coefficient of the microalgal 
cells for wavelengths between 400 and 700 nm (wavelength specific values are presented in the 
online Supplementary material). 
5.2.3 Microalgae growth model 
The microalgae specific growth rate inside a liquid foam-bed photobioreactor was modelled 
based on the local fluence rate. For the growth, nitrogen is supplied in the form of urea. Algal 
growth is modelled according to Jassby & Platt’s model, where the algal growth rate is related 
to its sugar production rate, which is defined by the light availability [10]. The local fluence 
rates are determined by the previously described light model and it includes all photons within 
the photosynthetically active radiation (PAR) range, ranging from 400 to 700 nm. Above a 
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certain light intensity (or fluence rate), which is called the light saturation point, excess light is 
dissipated by the algal cells. At fluence rates below the light saturation point the microalgae 
specific growth rate is proportional to the fluence rate. Although mixing times in the foam-bed 
photobioreactor are in the order of several minutes, this is still considerably smaller than the 
characteristic time of photoacclimation which is in the order of hours. Photoacclimation can 
thus be neglected and a constant wavelengths-specific value is used for the microalgae-specific 
light absorption cross section, ax. The value of ax was determined assuming a mass culture 
acclimated algal cell. 
The local specific growth rates were averaged over the complete liquid volume of the foam-bed 
due to the assumption of an ideally mixed liquid phase. The resulting average specific growth 
rate is used to calculate the volumetric biomass production rate, areal productivity and biomass 
yield on light. The volumetric biomass production rate determines the O2 production and CO2 
consumption rates. The corresponding equations are presented in Appendix 5.B. 
5.2.4 Gas transfer model 
The gas transfer in the foam is modelled by assuming an ideally mixed liquid phase, while the 
gas phase moves upwards in plug-flow (Figure 5.4). The plug flow behaviour of the gas was 
based on the fact that the gas bubbles are physically separated, so a gradient in height will occur. 
This gradient is characterised by a decreasing CO2 concentration and an increasing O2 
concentration with height due to the transfer between gas bubbles and liquid with 
photosynthesising algae. An ideally mixed liquid phase is a simplification but is based on the 
calculation that the residence time of the recirculated liquid in the foam-bed is at least 3 times 
smaller than that of the gas phase (calculation based on model results presented later). This 
assumption is further supported by previous reports on a well-mixed zone in the foam below 
the liquid addition level [13]. Consequently, the liquid phase concentration of a certain 
compound is constant everywhere (no dependence on y and z) whereas the liquid fraction ɛ(y), 
the gas phase concentrations CiG(y) and the transfer coefficients kLa(y) are dependent on the 
height of the reactor. 
In the model calculations only the liquid phase mass transfer resistance was considered and the 
gas side limitations were neglected. The volumetric mass transfer coefficient, kLa [s-1], was 
calculated from the liquid side mass transfer coefficient kL(y) and the surface area available for 
mass transfer per unit volume of foam, a(y), which are both dependent on the liquid fraction of 
the foam. The kL(y) is calculated by a correlation for a packed-bed of solid spheres, which 
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provides a good match with the kL(y) of foam-beds [16]. This correlation is based on the 
difference between gas and liquid velocities, determining the Reynolds number, and further 
dimensionless numbers (Schmidt and Sherwood numbers) related to diffusion coefficient, 
liquid phase properties and bubble size [16]. 
 
Figure 5.4. The gas transfer model of the foam-bed photobioreactor. The foam is modelled as a separate liquid and 
gas phase, with the interfacial area in between them related to the surface area of the bubbles at different heights. 
The decrease of the liquid fraction in height was modelled as an increase in the number of gas bubbles compared 
to liquid volume. The liquid phase was assumed to be ideally mixed while the gas moves upwards in plug-flow. 
In order to avoid CO2 limitation and ensure light limited growth, the overall CCO2L needs to be 
sufficiently high. This limit is arbitrarily set at 5·Ks, where Ks is the CO2 concentration where 
the growth rate is decreased to half of its maximal value. Thus, a minimum CO2G(in) 
concentration in the inflow gas has to be determined that results in CCO2L≥5·Ks. With this given 
liquid CO2 concentration, the CO2 concentration required in the inlet gas can be calculated from 
a combination of mass balances and consequently the CO2 uptake efficiency can also be 
expressed. In the continuous liquid inflow, HCO3- is supplied at a concentration of 5·Ks. The 
liquid O2 concentration can be determined as well by the given inlet gas composition and the 
microalgal O2 production rate. In case of oxygen accumulation in the liquid phase, oxygen 
inhibition might take place [17] but this inhibition is not included in the model. The 
corresponding model equations are included in Appendix 5.B. 
5.2.5 Energy requirements 
The energy requirements for a foam-bed photobioreactor were calculated considering gas 
supply, liquid recirculation, and harvesting. The energy requirements for the gas supply by gas 
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blowers or compressors were determined based on adiabatic compression of the gas. The 
pressure of the compressed gas has to equal to the hydrostatic pressure of the water column. An 
efficiency of 70% was applied as described for a rotary compressor [18]. For pumping liquid to 
higher levels the hydrostatic pressure and the volumetric recirculation flow rate was considered. 
The pump efficiency depends on pump design, and in this study an efficiency of 75% was used 
according to Ruiz et al. [2]. The energy requirement for the algal separation are determined by 
the biomass concentration and the method of harvesting. We considered harvesting by 
centrifugation and assumed a plate separator requiring 1.5 kWh (5.4⋅106 joules) per 1 m3 of 
algal suspension to be separated [19].  
5.3 Materials and methods 
5.3.1 Parameter determination 
The viscosity of M8a media, surfactant solution (10 CMC Pluronic F68 corresponding to 3.34 
g L-1), and microalgae cultures (Chlorella sorokiniana) prepared in M8a media with and 
without surfactant were measured with Ubbelohde viscometers. The Pluronic F68 surfactant 
was obtained from Panreac Applichem (Spain). The calibration of the viscometer was done by 
glycerol solutions of known viscosities. The experiments were done at room temperature, 
ensured with submerging the viscometers in a water bath (21.5-22 ºC). The viscosity of a 
solution containing 5 g L-1 Chlorella sorokiniana was applied in the model. 
The surface tension of the above mentioned solutions were measured with a drop tensiometer, 
analysing the shape of a hanging drop (Teclis Tracker). In these experiments a microalgae 
concentration of 7.8 g L-1 was used. 
5.3.1.1 Model implementation in Matlab  
For the model simulations the reactor was divided into 400 depth and 100 height segments. The 
liquid fraction gradient in height was determined by a differential equation solver (ODE45), 
while the gas concentrations were determined by manual integration, thus the stepwise changes 
in height were implemented, according to Equation 5.1.  
𝑿𝑿𝑿𝑿(𝒉𝒉𝒉𝒉 + ∆𝒉𝒉𝒉𝒉) = 𝑿𝑿𝑿𝑿(𝒉𝒉𝒉𝒉)  +  ∆𝒉𝒉𝒉𝒉 ⋅ 𝒇𝒇𝒇𝒇(𝒉𝒉𝒉𝒉)      Equation 5.1 
Where X indicates the variable at a certain height, ∆h is the height step, and f is the function 
describing the differential dx/dh. Light and growth model results were expressed in terms of 
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horizontal and vertical position and also as a function of wavelength, therefore the output was 
expressed in a 3D matrix. For further calculations, growth rates and production rates were 
summed for all wavelengths and were averaged over the liquid volume in the foam-bed. The 
detailed equations are presented in Appendix 5.B. Optimization of the liquid recirculation rate 
was done applying the Global Optimization Toolbox, GlobalSearch optimization solver. For 
the simulation, the following data was applied: Cx=30 g L-1, rb=1 mm, JG=0.5 mm s-1, Jw =0.052 
mm s-1, E0=1500 μmol m-2 s-1, d=5 cm. The wavelength dependence was taken into account 
both for the absorption cross section and for the irradiance. 
5.3.1.2 Experimental model validation: liquid fraction of foam-beds 
In order to determine the liquid faction of Pluronic F68 foams, experiments were carried out in 
an automatized Foamscan (Teclis- IT Concept, Logessaigne, France). Experiments were 
performed at varying column height (20.79 and 14.15 cm), gas flow rates (0, 2.36 and 4.46 mm 
s-1), and liquid addition rates (0, 0.092 and 0.36 mm s-1). Foam was generated in a glass cylinder 
by blowing nitrogen gas through a metal frit with small conical holes (30 μm and 100 μm hole 
diameter on the top and the bottom of the cone, respectively). The smaller cylinder 
corresponding to the lower column height has a diameter of 3.5 cm, and 40 mL solution was 
used for foam formation, while in the bigger cylinder (diameter of 6 cm) 60 mL solution was 
used. After the foam volume has reached 400 cm3, or 200 cm3 in the small column, the gas flow 
automatically stopped. In case of liquid addition, the foam was left for ~10 minutes to drain and 
thus a dry foam was achieved before the liquid addition was initiated. The evolution of the 
bubble sizes was monitored by image analysis at a height of 8 cm above the gas distributor. The 
bubble size was calculated by image analysis software (Foamscan). The temperature of the 
glass cylinder was between 24 and 30 °C in all experiments. The surfactant concentration 
applied was 5 or 10 CMC. The experiments were performed in duplicate. The liquid fraction of 
the foam was determined from conductimetric analysis of the liquid volume of the solution 
remaining on the bottom of the cylinder. The total liquid fraction of the foam is calculated by 
dividing the volume of liquid incorporated in the foam by the foam volume. 
 
When liquid addition was applied, the average liquid fraction over the whole column was 
calculated by Equation 5.2. 
𝜺𝜺𝜺𝜺 = 𝑱𝑱𝑱𝑱𝒅𝒅𝒅𝒅
𝒗𝒗𝒗𝒗𝒘𝒘𝒘𝒘𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
         Equation 5.2 
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Where Jd is the superficial liquid flow rate from the top (the liquid addition rate), and vwetfront is 
the measured liquid velocity. Thus, since the drainage only occurs via the liquid phase of the 
foam, not over the whole cross-sectional area, the liquid fraction can be calculated. The wet 
front velocity was determined by measuring the time required for the liquid added from the top 
to arrive to the bottom of the foaming column, and this time was divided by the height of the 
foam column. The moment when the wet front arrived to the bottom of the column was 
indicated by increase in the liquid volume, which was determined by conductivity 
measurements. 
5.3.1.3 Experimental model validation: light penetration in foam 
In order to determine the light distribution in liquid foams, fluence rate measurements were 
carried out at several points in depth, inside a liquid foam-bed. Fluence rate was determined by 
submerging a spherical light sensor (Walz, US-SQS/A) into absorbing and non-absorbing 
foams. Foam formation took place by distributing gas in a surfactant containing solution in a 
glass container of 20.5·3·40 cm (width x depth x height). The gas was distributed via a silicon 
tube (4 mm inner diameter, 2 mm wall thickness) punched with a 0.45 mm needle every 1.4 
cm. Foams were formed by Pluronic F68 at a concentration of 2 CMC in a 350 ml initial 
solution. The liquid solution was recirculated from the liquid layer underneath the foam to the 
top of the foam column by peristaltic pumps and was distributed at 4 different points at the top 
of the foam column. This resulted in a superficial liquid flow rate of 0.27 mm s-1. Foams were 
formed at a superficial gas low rate of 2.78 mm s-1, but during the measurements the gas 
distribution was temporarily stopped.  
Fluence rate measurements were done at 0, 3, 19, 27 and 30 mm from the vertical light exposed 
surface, at a height of 25 cm and in in the middle of the reactor width (10.25 cm from both 
sides). The light source was composed of 20 circular warm-white LED lamps (Bridgelux, 
BXRA W1200, Bridgelux, USA) equipped with 42 mm diameter Brooke-S (spot) reflector 
(LEDIL F’FORM OPTICS, Finland). The upper 31 cm of the glass tank was irradiated with 
475 μmol m-2 s-1. A distance of 47 cm was kept between the reactor and the light source to 
ensure homogenous light distribution on the flat glass tank. Measurements were done in foams 
without microalgae (clear foam), and at 0.6, 2.6 and 6 g L-1 C. sorokiniana concentration. The 
reflected and transmitted flux from the glass tank was measured with a flat 2π PAR quantum 
sensor (LI-SA-190, LI-COR, USA). The transmitted flux was measured directly behind the 
glass tank, while the reflected flux was measured on the light source, 45.5 cm from the glass 
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tank, in between the LED lamps to prevent shading. The measured reflected flux was expressed 
relative to the reflected flux from white paper which was placed at the location of the glass tank. 
This represents ideal diffuse reflectance. The values were further corrected for residual ambient 
light by subtracting the reflected flux in case of black paper placed at the location of the glass 
reactor, which represents complete absorbance. The bubble size of the foam in the vessel was 
determined manually by image analysis, where 120 bubbles were measured. 
5.4 Results  
5.4.1 Liquid fraction in a foam-bed photobioreactor 
The liquid fraction gradient in the foam was modelled for three cases: a) continuously rising 
foam-bed; b) continuously rising foam-bed with liquid addition from the top; c) rising foam-
bed which is broken at a certain height with liquid addition from the top.  
Generally, the liquid fraction of foams decreases quickly with height. The maximum liquid 
fraction at the bottom of the foam column is 0.26 in case of ordered foams with homogenous 
bubble size distribution. The model results show (Figure 5,5A) that by liquid addition, the liquid 
fraction of rising foam can be increased because of continuous drainage of the added water 
through the foam structure. When the rising foam is continuously broken, the liquid fraction is 
further elevated since foam breaking can be regarded as external liquid addition. By applying 
liquid addition or foam breaking, the liquid fraction profile is more homogenous (or ‘flat’) 
compared to the liquid fraction profile of rising foams (See Figure 5.5A, insert). This flat profile 
is advantageous in order to create a similar horizontal light gradient along the foam column. 
The simulated liquid fraction profiles correspond well to the profiles reported by P. Stevenson 
[5]. 
Additional simulations showed that higher liquid addition rates (Jw), smaller bubbles (rb), and 
higher gas flow rates (JG) lead to increased liquid fraction of the foam (Figure 5.5B, C, D). In 
order to create wet foams, liquid addition is the best way, since the gas flow rates and foam 
breaking in the absence of additional liquid supply have minor effect on liquid fractions 
compared to liquid recirculation. Decreasing bubble size also significantly increases the liquid 
fraction of foams. However, this would require altered gas distributer design or increased 
surfactant concentrations. Experiments to obtain model parameters and experiments to partly 
validate the model are presented in Appendix 5.A. 
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Figure 5.5. Liquid fraction of foams as a function of height in the foam-bed. (A) Liquid fraction of a rising foam, a 
rising foam with liquid recirculation, and a foam which is broken at the top with additional liquid recirculation. The 
insert is zoomed in to the same image. (B) Liquid fraction at varying bubble radius rb; (C) Liquid fraction at varying 
superficial gas flow rate JG; (D) Liquid fraction at varying superficial liquid recirculation rates Jw. For the simulation, 
the following inputs were applied: rb=1 mm, JG= 0.5 mm s-1, Jw=0.052 mm s-1, h=2 m with foam breaking at the top. 
5.4.2 Light profile in a foam-bed photobioreactor  
The fluence rate inside the photobioreactor is influenced by the biomass concentration (Cx), 
bubble size (rb), the illuminating light intensity (E0) and the liquid fraction of the foam (ɛ). The 
liquid fraction, as demonstrated before, is dependent again on both the superficial gas velocity 
(JG) and the superficial liquid recirculation velocity (Jw). The fluence rate is linearly 
proportional to E0 (see Appendix 5.B) and also reflectance and transmittance are linearly 
proportional to E0.  
On the bottom of the reactor, close to the height of foam generation the foam has a high liquid 
fraction, resulting in lower fluence rate compared to the top of the foam (Figure 5.6A). At the 
front of the reactor, the fluence rate can be higher than the incident irradiance (Figure 5.6) 
because of photons arriving to this layer from both forward and backward direction due to light 
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scattering. This light profile is less advantageous for algae growth because of a relative increase 
in light saturation at the light exposed surface, and also because of at deeper points towards the 
back of the reactor, the light availability is decreased. 
In non-absorbing foams (Cx=0 g L-1), the fluence rate peaks at approximately 1 cm deep in the 
reactor, afterwards it steeply decreases with depth (Figure 5.6B). At higher biomass 
concentrations, the fluence rate at the reactor front approaches the incident light intensity and 
decreases exponentially from the start (the peak is absent) due to both absorption and scattering 
(Figure 5.6B). With increasing biomass concentration, both the transmitted light and reflected 
light decreases due to the stronger absorption (Table 5.2). 
By varying the liquid fraction of foams by varying liquid recirculation (Jw), both scattering and 
absorbing behaviour of the foam changes. At low liquid fractions, light absorption is reduced 
due to the reduced amount of microalgae present, but also light scattering is reduced since the 
scattering coefficient is influenced by the liquid fraction (See Appendix 5.B). On the one hand, 
because of reduced light absorption the fluence rate has a higher initial value and the light 
gradient is less steep at lower liquid fractions (Figure 5.6C). Also the elevated reflectance and 
transmittance at low liquid fractions (Table 5.2) is explained by the relative decrease in 
absorption. On the other hand the effect of scattering is also influential and it becomes clear 
when equal absorption is ensured in absorbing foams with different liquid fractions, achieved 
by compensating for the reduced liquid fractions with elevated biomass concentrations. The 
case of reduced liquid fraction and increased biomass concentration enables deeper light 
penetration in the reactor due to a less steep light attenuation, therefore in this case a more 
advantageous light profile can be achieved. 
Increased gas flow rates and decreased bubble sizes also result in increased liquid fraction, 
therefore similar light profiles are achieved as when increasing the liquid recirculation rate. 
Bubble radius, however, does not only influence the liquid fraction, but also affects the 
scattering coefficient. Larger bubble sizes reduce the extent of scattering also when the liquid 
fraction is kept constant (e.g. by adjusting Jw). Therefore, the combined effect of large bubbles 
on both liquid fraction and scattering result in lower fluence rates at the reactor front and a less 
steep decrease of fluence rate with depth compared to smaller bubbles (Fig 6D). Accordingly, 
reflectance is decreased and transmittance is increased compared to smaller bubbles (Table 5.2).  
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Figure 5.6. Light distribution in the reactor, (A) presented as fluence rate as a function of depth and height, (B,C,D) 
presented as fluence rate at the mid-height of the reactor as a function of depth for (B) different Cx (C) different Jw 
(D) different rb. For the simulation, the following inputs were applied unless otherwise indicated: rb=1 mm, JG= 0.5 
mm s-1, Jw=0.052 mm s-1, E0=1500 μmol m-2 s-1, Cx=30 g L-1, d=5 cm, h=2 m, assuming foam breaking at the top. 
Table 5.2. Reflectance and transmittance values for a foam-bed containing varying Cx, and operating at different 
Jw and rb. For the simulation, the following default inputs were applied: rb=1 mm, JG=0.5 mm s-1, Jw=0.052 mm s-1, 
E0=1500 μmol m-2 s-1, Cx=30 g L-1, d=5 cm, h=2 m, assuming foam breaking at the top. 
 Cx [g L
-1] rb [mm] Jw [mm s-1] 
  0 2 15 30 60 0.5 1 2 0.026 0.052 0.104 
Reflectance [%] 61.0 30.1 12.0 8.8 6.8 9.4 8.8 7.1 9.0 8.8 8.4 
Transmittance [%] 39.0 11.4 0.8 0.1 0.0 0.0 0.1 7.1 0.9 0.1 0.0 
5.4.3 Gas transfer 
The gas transfer rate in the liquid foam-bed photobioreactor was modelled and used to calculate 
the gas transfer capacity and efficiency. First, the biomass production rate was calculated 
according to the growth model based on the local fluence rates. The biomass production rate 
was 53.3 g Lliquid-1 d-1 under the following conditions: Cx=30 g L-1, d=5 cm, h=2 m, E0=1500 
μmol m-2 s-1, Jw=0.052 mm s-1, JG=0.5 mm s-1. This biomass production rate determines the CO2 
requirement of the growing algal culture. The gas transfer model was then used to calculate the 
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carbon dioxide (CO2) supply rate preventing CO2 limitation in the foam-bed photobioreactor. 
More specifically, the minimal inlet CO2 fraction was calculated when a constant superficial 
gas velocity was applied. It was calculated that at fixed 0.5 mm s-1 superficial gas velocity, 6.9% 
CO2 is required (Figure 5.7A) in order to maintain the liquid phase CO2 concentration at 5⋅Ks 
at the above mentioned conditions. The outgoing CO2 concentration in the gas phase is 
approaching 0.2%, therefore a CO2 uptake efficiency of 97% can be obtained, and negligible 
CO2 is lost. As a comparison, in the most efficient conventional photobioreactors, thin-layered 
liquid phase photobioreactors [20], flat-panel airlift photobioreactors [21], or tubular 
photobioreactors [22], more than 50% of the CO2 is not taken up and lost to the environment. 
The high CO2 uptake efficiency in a foam-bed photobioreactor is related to a high CO2 transfer 
rate. The transfer rate can be described by the product of the volumetric mass transfer coefficient 
(kLa) and the driving force for mass transfer (the difference between the partial pressure of CO2 
in the gas and the liquid phases). The mean kLa value for CO2 in our simulations is 0.045 s-1, 
calculated as the multiplication of the liquid side mass transfer coefficient and the specific 
surface area, as explained in Appendix 5.B. Both kL and a change over the foam column in 
height, but average values were calculated to be 1.54⋅10-5 m s-1 and 2923 m-1, respectively. kLa 
values increase at reduced liquid fraction, due to the increased a and kL values, therefore the 
lowest values are at the bottom of the foam-bed. The calculated kL value is comparable to 
previously reported values in foam reactors of 3.10-5 m s-1, and also the a value is comparable 
to reported values of 2150-3220 m-1 [16]. 
The specific surface area a was calculated assuming spherical bubbles. In case of reduced liquid 
fractions, the calculation of a therefore might be inaccurate due to bubble deformations [23], or 
due to unequal liquid distribution around the bubbles such as a reduced contribution of the thin 
liquid films [16,24]. Also a change in bubble size in height because of gas diffusion or 
coalescence/coarsening will lead to deviation of the specific surface area. When comparing the 
kL values of a foam-bed bioreactor with those of conventional, liquid phase photobioreactors 
the kL is lower in foam-bed reactors. This is related to reduced liquid flow and smaller gas 
bubbles in foam-bed photobioreactors [25]. The specific surface area a, on the other hand, is 60 
times higher in a foam-bed photobioreactor. As a result, the kLa of 0.045 s-1 in the foam-bed 
photobioreactor is still 5 to 10 times higher compared to other systems: 0.007 or 0.009 s-1 was 
reported for a flat plate reactor [26,21], and 0.001-0.007 s-1 for bubble column photobioreactors 
[27].  
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The majority of CO2 transfer in the photobioreactor takes place at the bottom of the reactor, as 
illustrated in Figure 5.7. Since the gas transfer rate in foam-bed photobioreactors is high, rapid 
CO2 depletion takes place in the bubbles and therefore the liquid phase concentration increases 
quickly to the desired value (5⋅Ks). This transferred CO2 is used through the whole column for 
the algal growth, which is related to the assumption of an ideally mixed liquid phase. The 
decrease in the slope of the O2 and CO2 concentration in the gas phase is due to the decreased 
driving force for gas transfer in height due to the increasing O2 and decreasing CO2 
concentrations at higher points in the reactor. In contrast to rapid CO2 transfer, the O2 
concentration increases gradually in the column because of the reduced solubility of O2, which 
is expressed by an increased Henry coefficient. The O2 concentration difference over the thin 
liquid layer surrounding the gas bubbles is therefore reduced compared to that of CO2 which 
therefore explains the different slopes of the driving force curve in height for the two gases 
(Figure 5.7B). 
 
Figure 5.7. A) O2 and CO2 concentration gradient in the gas phase. B) The driving force for mass transfer expressed 
as the concentration difference over the stationary liquid film surrounding the gas bubbles (Ci*-CiL). Simulations 
were done at Cx=30 g L-1, rb=1 mm, JG=0.5 mm s-1, E0=1500 μmol m-2 s-1, d=0.05 m, h=2 m. To convert from mol 
m-3 to % of the compound in the gas phase, a factor of 2.5 can be used. 
Besides the sufficient CO2 supply, also the O2 concentrations in the liquid phase is relevant for 
photobioreactor designs. The tolerance of microalgae are estimated to be around 120-200% air 
saturation [28]..However, most photobioreactors operate at severely increased O2 
concentrations up to several hundred percent air saturation [29,30]. In the simulated liquid 
foam-bed photobioreactor, the liquid O2 concentration is 134% air saturation level, which is 
considered to be tolerable for the microalgae and therefore no inhibition effects are included. 
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5.4.4 Growth, Productivity and Energy requirement of a foam-bed photobioreactor 
Light-dependent microalgal specific growth rate can be calculated based on the local fluence 
rate calculated, which depends again on the biomass concentration as explained above. The 
productivity of the photobioreactor is the product of the biomass concentration and the average 
specific growth rate of the microalgae. The areal productivity of a conventional photobioreactor 
is thus mainly determined by the depth of the reactor and the biomass density maintained, which 
should be selected according to the illuminating light intensities. The light leaving the reactor 
should be minimal, but still allowing for the compensation for the maintenance requirements of 
the microalgal cells [31]. Too thin reactors in combination with low biomass densities lead to 
light losses, while too thick reactors result in a dark layer at the back of the reactor, where algal 
‘decay’ takes place. Generally, in order to achieve a high biomass concentration, thin reactors 
are preferred [28], and there is an optimum biomass concentration where the reactor 
productivity is maximal [32]. In foam reactors, the liquid fraction of the foam plays an 
important role. Generally, foams consist of only < 10% liquid phase, and, as a result, in foam-
bed photobioreactors biomass concentrations an order of magnitude higher than in conventional 
photobioreactors can be reached. This increase is not entirely proportional to the decrease in 
liquid fraction, since the light profile is altered due to scattering and some light is lost due to 
out-scattering of light from the photobioreactor as discussed before. 
Besides reactor productivity, the energy invested for the production is a key factor when 
considering the feasibility of the system. The operational energy requirements for microalgae 
production in foam-bed photobioreactors depend on the energy requirements for gas supply and 
liquid circulations. In addition, the energy requirements for algal separation from a suspension 
is substantial and it scales inversely proportional to the biomass concentration.  
The productivity and energy demand of a foam-bed photobioreactor is therefore highly 
dependent on the reactor design (dimensions of the system), light intensity, biomass 
concentration, and reactor operation (gas supply rate and liquid recirculation). Please note that 
the biomass concentration is also an operational parameter as it can be controlled by reactor 
dilution. Also gas bubble size in the foam has significant effect on productivity by altering the 
light profile. For this reason, different conditions were evaluated by model simulations: incident 
light intensity, gas bubble size in the foam, superficial gas velocity, biomass concentration, and 
reactor depth. For each condition, the areal productivity shows a peak with varying liquid 
recirculation rates (Figure 5.8), where the area refers to the illuminated reactor area. By 
Potential of a liquid foam-bed photobioreactor for microalgae cultivation  
138 
 
adjusting the liquid recirculation rate for maximal productivity, the liquid fraction profile is 
altered to provide optimal light profiles, thus minimizing dark zones or unused light passing 
through the reactor. The biomass specific energy requirements are increasing with increased 
liquid recirculation rates, as a combined effect of increased energy for liquid recirculation and 
also for gas supply due to the increased hydrostatic pressure because of higher liquid fractions. 
Because of the dependence of the areal productivity on Jw, for further simulations at different 
conditions, the liquid recirculation rate was always optimized in order to achieve maximal areal 
biomass productivity. 
 
Figure 5.8. Areal productivity and biomass specific energy requirements as a function of liquid recirculation rate, Jw 
under the default conditions of Cx=30 g L-1, rb=1 mm, JG=0.5 mm s-1, E0=1500 μmol m-2 s-1, d=0.05 m, h=2 m.  
Increasing the reactor height does not influence the areal productivities, since the liquid fraction 
is constant above the first few centimetres of the reactor. The energy required for gas supply is 
also nearly proportional to the height (i.e. hydrostatic pressure), therefore the effect of height 
on reactor performance is negligible. The reactor height was arbitrarily fixed at 2 meters. 
When optimising the superficial liquid recirculation rate Jw for maximal productivity, Jw 
increases from 0.01 to 4 mm s-1 when the reactor depth decreases from 10 to 1 cm. Similarly, 
Jw increases from 0.02 to 0.12 mm s-1 when the biomass concentration decreases from 60 to 15 
g L-1 (Table 5.3). A general trend can be observed: at higher biomass densities or in deeper 
reactors, the superficial liquid recirculation rate can be reduced. The resulting reduced liquid 
fraction allows for deeper light penetration in the reactor.  
The minimal reactor depth applied, 1 cm, resulted in the highest areal productivity and 
photosynthetic efficiency (biomass yield on light). These values are 74.6 g m-2 d-1 and 0.58 g 
molph-1, respectively (Table 5.3). However, the economic feasibility of such thin reactors are 
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compromised due to the high energy requirements required for the liquid recirculation to reach 
a liquid fraction of 20%. Additionally, in thin reactors enhanced drainage is expected due to the 
increasing fraction of bubbles in contact with the walls, and therefore the calculated Jw might 
be underestimated [33]. In deeper reactors, not only the superficial recirculation rate, but also 
the total volumetric recirculation flow is reduced therefore the energy requirement for liquid 
recirculation decreases. Also, the reduced liquid fraction in thicker reactors result in reduced 
power for gas supply. Therefore, deep reactors are less energy-demanding, even when expressed 
as energy demand per g of biomass produced (calculations presented in Appendix 5.B). It has 
to be noted that in this study we focus on energy requirements corresponding to maximal areal 
productivities instead of minimizing biomass specific energy requirements. Minimal energy 
requirements are achieved under a lower liquid recirculation rate than obtained by optimizing 
for maximal areal productivity. 
Amongst the three different biomass densities investigated (15, 30 and 60 g L-1), 60 g L-1 
resulted in the highest areal productivity of 73.2 g m-2 d-1 at 1500 µmol m-2 s-1 in a 5 cm deep 
reactor. The reduced liquid fraction required for maximal productivity at 60 g L-1 results in the 
reduction of scattering and therefore aids more advantageous light profiles. Besides, more 
absorbing media reduces the reflection as well, improving the biomass yield on light. Due to 
reduced liquid circulation and reduced harvest flow, the biomass specific energy requirements 
can be reduced from 0.49 to 0.11 KJ g-1 when the biomass concentration is increased from 15 
to 60 g L-1. 
At increased light intensities, higher liquid fractions are required in order to absorb most of the 
incoming light and prevent light leaving the system unused. On the one hand, the lowest 
incident light intensity (375 µmol m-2 s-1) results in the highest biomass yield on light, 0.88 g 
Cx molph-1, because the local fluence rates are around, or below, the saturation point of 
photosynthesis. On the other hand, the areal productivity is lowest at the lowest light intensity. 
When the recirculation rates are optimized in order to reach maximal areal productivity, the 
energy requirements are not significantly influenced by varying light intensities. This is 
reasoned by that at low intensities lower liquid fraction are optimal, and therefore reduced 
recirculation rates Jw have to be applied compared to higher light intensities with increased 
productivity. 
The gas supply rate (JG), the liquid recirculation rate (Jw), and the bubble size (rb) together 
influence the liquid fraction of the foam and therefore the light distribution in the foam-bed 
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photobioreactor, as shown in the previous section. Elevated liquid fraction and decreasing 
bubble size does not only increase the absorption coefficient of the foam, but also enhances the 
scattering. Therefore, the light profile is altered and it becomes steeper: the fluence rate 
decreases more rapidly with distance from the light exposed surface. A steeper light gradient is 
not beneficial since there is more photosaturation in the zone close to the light exposed surface 
while the light limited zone becomes larger. This results in a lower biomass yield on light and 
a decrease in areal productivity. The energy requirement in case of increased bubble size is 
higher since bigger bubbles imply reduced liquid fraction, and therefore an elevated 
recirculation rate has to be applied as compensation. The energy required for bubble generation, 
however, is not taken into account. For example, more than 5 times higher recirculation rate is 
required when the bubble size is increased from 1 to 2 mm, and consequently the energy 
requirements increase from 0.23 to 0.39 KJ g-1 (Table 5.3). Altered gas flow rates can also be 
compensated by adapting the liquid recirculation rate to maintain a constant liquid fraction and 
areal productivity. As such, a liquid fraction of 3% can be maintained. Reduced gas flow rates 
in combination with increased recirculation rates result in the lowest energy requirement, 
although the influence of gas flow rate on energy requirement is minimal (Table 5.3). 
Altogether, these results and additional simulations of all conditions at 15 and 60 g L-1 show 
that the energy requirements are minimal at high biomass concentration and deep reactors 
(Cx=60 g L-1, E0=1500 μmol m-2 s-1 and d=10 cm, the E=0.1 KJ g-1). Since the highest areal 
productivities were achieved at 60 g L-1, 1 cm depth and 1500 μmol m-2 s-1, it is possible that 
the optimal areal productivity is still above this biomass concentration but was not studied in 
our simulations because of envisioned practical limitation, including: foam instability due to 
too high/low liquid fractions; physical-chemical changes in the liquid properties at Cx above 60 
g L-1 [34], thereby influencing foaming properties; nutrient limitations in the liquid media. 
Additionally, high biomass concentrations might reduce the drainage rates due to confinement 
of the cells and their aggregates in the foam-bed, thereby reducing liquid recirculation 
requirements [35]. 
In a bench-scale liquid foam-bed photobioreactor, an areal productivity of 51.4 g m-2 d-1 was 
achieved, with a yield on light of 0.41 g molph-1 at a biomass concentration of 6.81 g L-1. These 
experiments were conducted with Chlorella sorokiniana in a circular foam column with a 
diameter of 10 cm, illuminated with a circular light source from all directions [8]. The 
experimentally achieved yield on light and areal productivities are 75-80% of the predicted ones 
for 30 g L-1 and 5 cm deep rectangular reactors. This difference is explained by suboptimal pH 
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values and other non-optimized operational parameters. For example, the experimental 
recirculation rate was more than 10 times higher than the one applied in the model, and also the 
experimental liquid dilution rate was 1.4 times higher compared to the model predictions. The 
experimentally obtained results therefore suggest that the model predictions are achievable 
when reactor operation is further optimized. 
Table 5.3. Simulation results of a mathematical model of a liquid foam-bed photobioreactor. The following 
parameters were calculated: Superficial liquid recirculation rate Jw, areal productivity rxAreal, biomass specific energy 
requirement E, and liquid fraction ε. The following parameters were varied: depth, biomass concentration, light 
intensity, gas flow rate and bubble radius. For each simulation the liquid recirculation value was optimized to obtain 
maximal areal productivity. Simulations were done at the following default values: Cx=30 g L-1, rb=1 mm, JG=0.5 mm 
s-1, E0=1500 μmol m-2 s-1, d=0.05 m, h=2 m. 
 
  
Jw 
[mm s-1] 
rxAreal  
[g m-2 d-1] 
Yx/ph 
[g molph-1] 
E 
[KJ g-1 ] 
ε 
[-] 
Depth 
d [cm] 
1 4.00 74.6 0.58 0.79 0.20 
5  0.05 67.6 0.52 0.23 0.03 
10 0.01 65.9 0.51 0.21 0.01 
        
Biomass conc. 
Cx [g L-1] 
15  0.12 60.3 0.47 0.49 0.04 
30 0.05 67.6 0.52 0.23 0.03 
60 0.02 73.1 0.56 0.11 0.01 
        
Light 
intensity 
E0 [μmol m-2 s-1] 
375 0.02 28.6 0.88 0.23 0.02 
750 0.03 46.5 0.72 0.23 0.02 
1500 0.05 67.6 0.52 0.23 0.03 
       
Superficial gas 
velocity 
JG [mm s-1] 
 
0.05 0.05 67.6 0.52 0.23 0.03 
0.5 0.05 67.6 0.52 0.23 0.03 
2.5 0.03 67.6 0.52 0.24 0.03 
      
Bubble radius 
rb [mm] 
0.5  0.01 57.4 0.44 0.19 0.02 
1  0.05 67.6 0.52 0.23 0.03 
2 0.27 74.5 0.57 0.39 0.03 
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5.4.5 Foam-bed photobioreactors versus traditional photobioreactors 
In order to relate the performance of the foam-bed photobioreactor to traditional 
photobioreactors, their performance is simulated under the previously selected conditions: 
Cx=30 g L-1, d=5 cm, h=2 m, E0=1500 μmol m-2 s-1, Jw=0.052 mm s-1, JG=0.5 mm s-1. The total 
biomass specific energy requirement for gas supply is 0.23 KJ g-1, which consists of 8 J g-1 for 
gas supply, 43 J g-1 for liquid recirculation and 180 J g-1 for separation by a centrifuge. 
The average growth rate µav in our simulations is 0.07 h-1. A biomass volumetric productivity 
rx of 53.3 g Lliquid-1 d-1 is achieved, which is significantly higher than values achieved in other 
short light path photobioreactors [36,37]. However, this increase is due to the low liquid content 
of the foam, and therefore the volumetric productivities calculated for the whole reactor are 
reduced by a factor equivalent to the liquid fraction of the foam. For a more fair comparison, 
the productivity per illuminated surface area was therefore calculated. An areal productivity of 
67.7 g m2 d-1 is predicted for the foam-bed photobioreactor, which is lower than areal 
productivities achieved in 14 mm light path reactors with C. sorokiniana under similar 
conditions. These productivities are 184.8 and 119 g m-2 d-1 under 2100 and 1500 μmol m-2 s-1, 
respectively [36,37]. Since the reactor depth has a significant influence on areal productivity, 
flat panels and foam-bed reactors of the same depth can be compared. At a depth of 1 cm, the 
areal productivity of the foam-bed at a biomass concentration of 60 g L-1 is 3.06 g m2 h-1, 
approaching the areal productivity reported for flat panels, 3.89 g m2 h-1 at 9.7 g L-1 biomass 
concentration [38]. 
The reason behind the lower areal productivities in a foam-bed photobioreactor is the reduced 
photosynthetic efficiency. Our simulations predicted 0.52 g biomass per mol of photons, which 
is lower compared to the ones achieved in flat panels, which range between 0.8 and 1 g molph-1 
[36,37,39]. The lower photosynthetic efficiency in the foam-bed is due to light loss by reflection 
(9% of the incident light) and also due to a steeper and thus more unfavourable light gradient. 
The energy requirement of microalgae production in a flat plate photobioreactor and in a foam-
bed photobioreactor can be compared when the same microalgal species are used and the same 
light intensities applied. The operational energy requirement of flat panel photobioreactors is 
only determined by the gas supply. For our simulation, the energy requirement of a large-scale 
flat panel photobioreactor described by Ruiz et al. [2] was considered with the dimensions of 
0.5 m height and 2 cm depth. In that study, a gassing rate of 0.32 vvm is described, translating 
to 0.0027 m s-1 superficial velocity. The biomass specific energy requirement was then 
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calculated considering maximal productivities realized at lab-scale, 119 g m-2 d-1 achieved at 
1500 μmol m-2 s-1 in a 14 mm light path reactor [37], in order to define an advantageous scenario 
for flat panels under continuous illumination. Finally, a biomass concentration of 2.3 g L-1 was 
assumed as described by Ruiz et al. [2] for 2 cm deep flat panels located in Curacao or Saudi 
Arabia. This biomass concentration is required in order to estimate the energy requirement for 
algae harvesting. According to these inputs, the biomass specific energy requirement for gas 
supply to flat panels is 0.38 KJ g-1 while the separation requires 2.35 KJ g-1, resulting in a total 
biomass specific energy requirement of 2.73 KJ g-1. 
Foam-bed photobioreactors result in a decreased energy requirements for the gas supply. 
Reduction in energy takes place since the hydrostatic pressure exerted by the foam-bed is 
reduced by more than one order of magnitude compared to an equivalent water column and 
therefore less gas compression is required. In addition, the volumetric gas flow is reduced in 
foam-beds. Foam-bed photobioreactors require reduced superficial gas velocities compared to 
flat panels, since the gas transfer capacity is much higher due to the high interfacial area. In flat 
panel photobioreactors the kLa is highly dependent on JG, high JG values are required to achieve 
sufficient gas transfer [26]. However, in foam reactors applying liquid recirculation, an 
additional energy requirement for pumping liquid to the top of the reactor has to be considered. 
The energy requirement for the liquid recirculation is linearly related to the height of the 
photobioreactor and the liquid recirculation rate. The liquid pumps for the liquid recirculation 
require 5.3 times more energy compared to the gas supply to the foam-bed photobioreactor, 
therefore liquid recirculation is the major production-related operational energy requirement. 
Still, the total operational energy requirement of algal production in foam-bed photobioreactors 
are reduced compared to flat panels. For foam-beds, a power input to a reactor unit is 0.08 W, 
while for flat panels, 0.26 W is required. 
The energy required for biomass separation is reduced in foam-bed photobioreactor compared 
to flat panels. The separation energy requirements are inversely related to the biomass 
concentration, therefore, an increase from 2.3 to 30 g L-1 results therefore in a proportional 
energy saving on separation. Thus, the energy required for biomass separation in foam-bed 
photobioreactors is 7.7% of that in flat panels. Since harvesting is more energy-demanding 
process compared to gas or liquid supply, (5.4 KJ L-1 of algal suspension) the biomass 
concentration is critical for in the total energy requirement of the complete microalgae 
production process. Overall, the total production and harvesting energy requirements in the 
foam-bed photobioreactor are only 8.5% of flat panels (0.23 vs. 2.73 kJ g-1).  
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5.5 Conclusions 
A mathematical model was developed to evaluate the potential of liquid foam-bed 
photobioreactors. The model allowed simulation of the liquid fraction gradient, light 
penetration, microalgal growth, and gas transfer in foams under different conditions. Our 
simulations for the liquid fraction and the light profile were in a good agreement with 
experimental data. Model parametric sensitivity was studied for bubble radius, gas flow rate, 
liquid recirculation rate, light intensity, reactor depth, and biomass density. The model provided 
insight to the effect of the above listed parameters on areal productivity and energy 
requirements. 
Our predictions at 30 g L-1 biomass and 1500 μmol m-2 s-1 resulted in a biomass yield on light 
of 0.52 g molph-1 and an areal productivity of 67.7 g m-2 d-1, while 0.23 KJ energy is required 
for the production of 1 gram dry biomass. Although yield on light and areal productivity are 
lower than those in optimized flat panel photobioreactors, the energy demand is significantly 
lower in foam-bed photobioreactors. The lower biomass yield on light is related to light 
scattering in foams and thereby increasing light reflection and also resulting in a less 
advantageous light profile in foams. However, when practice allows, and cultivation at 60 g L-
1 turns out to be feasible, these differences will be minimized. Moreover, the biomass specific 
energy requirement for microalgae production in foam-bed reactors is calculated to be only 
8.5% of those in flat panels. These reduced energy requirements are due to a) increased biomass 
densities reducing the harvesting energy requirements; b) decreased gas supply due to increased 
gas transfer in foams (~6 times increased kLa ) and decreased pressure of the foam column. In 
addition, the CO2 uptake efficiency is severely improved and almost all CO2 is taken up by the 
microalgal culture (97%). In conclusion, liquid foam-bed is a promising technology for 
microalgae cultivation. 
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Appendix 5.A: Parameter determination and model validation 
5.A.1 Parameter determination 
According to our experimental data, 10 CMC Pluronic F68 increased the viscosity of 
demineralised water with 11%, while the addition of microalgae (Chlorella sorokiniana) at a 
concentration of 5 g L-1 further increased the viscosity of the surfactant solution by 10% (total 
of 21% increase compared to demineralised water). The results are presented in Table 5.A.1.  
Table 5.A.1. Dynamic viscosity of surfactant solution and inorganic media enriched with surfactant and microalgae. 
Solution Dynamic viscosity [mN s m-2] 
Demineralised water (value obtained from literature [40]) 0.969 
10 CMC Pluronic F68 solution 1.0763 
10 CMC Pluronic F68 + 5 g L-1 microalgae solution 1.1755 
The surface tension of M8a media, MilliQ water, microalgae solution, Pluronic F68 solution 
and the combination of surfactant and microalgae solution were measured, and the results are 
presented in Table 5.A.2. The surface tension of a 10 CMC Pluronic F68 solution with 
microalgae (7.8 g L-1) is 45 mN m-1.  
Table 5.A.2. Surface tension of MilliQ water and inorganic media enriched with surfactant and/or microalgae. 
Solution Surface tension [mN m-1] 
MilliQ water 73.62 
M8a media 72.33 
7.8 g L-1 microalgae solution  63.06 
10 CMC Pluronic F68 49.21 
10 CMC Pluronic F68 + 7.8 g L-1 microalgae solution  44.95 
Since the both viscosity and surface tension measurements were done at a 21.5 ºC, thus a lower 
temperature than 37 ºC used in the model, a factor for temperature correction was introduced 
based on the relative change in viscosity/surface tension of water between those temperatures 
[40], and those calculated values were applied in the model. 
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5.A.2 Validation of liquid fraction model 
In order to validate the liquid fraction model, the average liquid fraction of the foam was 
experimentally determined and compared to the model outputs. The experimental conditions, 
including the measured bubble radius and liquid fraction values are presented in Table 5.A.3. 
The increased bubble radius under conditions C and D compared to A and B are due to the 
elapsed time and consequent coalescence before the liquid addition is started, in order to create 
‘dry’ foam. 
When applying the measured rb for the model simulations, the predicted liquid fraction is 
significantly higher than the experimental one. Comparable predictions to the experimental 
values can be achieved by applying increased bubble sizes for the model. This correction is 
reasoned since its well-known that bubble size measurements by image analysis of bubbles 
taken at the reactor wall are underestimating the real bubble sizes [41,42]. Also, the bubble 
sizes were measured at a certain height, and the further increase of the bubble size in height due 
to e.g. coarsening were not measured. This assumption is further supported by the observation 
of Yazhgur et. al. [14], that the drainage model applied predicts the liquid fraction most accurate 
when instead of the mean radius, the radius corresponding to big bubbles are used, since big 
bubbles determine the foam permeability and govern the foam drainage. This remains true even 
if those big bubbles are rare.  
With a factor of 2.3 to correct for the bubble size, the deviation in predicting the liquid fraction 
is always smaller than 10% for all different experimental conditions A-D (Table 5.A.3). This 
correction factor was determined by minimizing the sum of the squares of the differences in 
liquid fraction between model and experiments. In the model simulations presented in the 
Manuscript and Appendix 5.B, a fixed and homogenous bubble size of 1 mm was applied. These 
idealized model simulations are therefore not affected. When scaling up the foam-bed 
photobioreactor, however, preferably a foam-bed is created with homogenous bubbles size 
and/or the model predictions are improved by taking into account accurate bubble size 
distribution measurements. 
 
 
 
                Chapter 5 
147 
 
Table 5.A.3. Liquid fractions according to measurements (εm) and predictions (εPrediction) and the experimental 
conditions during the validation of the liquid fraction model. For each experimental condition, the listed variables 
which serve as inputs for the model predictions are height (h), superficial gas flow velocity (JG), measured bubble 
radius rbm and superficial liquid addition rate (Jw). In the simulations for condition A and B, the liquid flux was 
calculated according to the theory of Yazhgur [14], since a rising foam was modelled, while for conditions C and D 
a standing foam with liquid addition was modelled, therefore the total liquid flux in the foam equals the extra liquid 
addition rate. 
 Liquid fraction Experimental conditions 
Condition ε
 m 
[%] 
ε Prediction 
[%] 
h 
[cm] 
JG 
[mm s-1] 
rbm 
[mm] 
Jw 
[mm s-1] 
Surfactant 
concentration 
Jf 
[mm s-1] 
A 11.06 10.75 20.79 3.46 0.168 0.00 10 CMC calculated 
B 8.09 8.79 14.15 2.36 0.168 0.00 5 CMC calculated 
C 3.83 4.2 20.79 0.00 0.378 0.092 10 CMC Jf=-Jw 
D 8.01 8.22 20.79 0.99 0.378 0.36 10 CMC Jf=-Jw 
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5.A.3 Validation of light model 
The light model was validated by measuring the fluence rate at several positions inside the 
foam-bed. In addition, the reflectance and transmittance was measured from the glass vessel 
filled with foam. Since the spherical light sensor (Walz US-SQS/A) measures fluence rate 
accurately only between -150˚ and +150˚ incident angles because of a handlebar fixed on the 
sphere, a correction factor was introduced to recalculate the real fluence rate in a complete 
isotropic light field from the measured value. This factor was calculated to be 1.3 based on the 
angular distribution of the fluence rate measured by the sensor which was provided by Walz 
(Walz Gmbh, Germany). 
The fluence rate inside the foam is plotted in Figure 5.A.1 for 5 different depths with 475 μmol 
m-2 s-1 incident irradiance. In most cases, the corrected fluence rate is closer to the model 
predictions, indicating that the assumption of isotropic light is not incorrect. Predicted fluence 
rates and reflectance/transmittance values show some deviations from the experimental values 
in the different cases with different biomass concentrations. 
The prediction of fluence rate in non-absorbing, clear foam is slightly higher compared to the 
measured and corrected value. This might be due to light escaping also at the sides of the glass 
container, therefore reducing the experimental fluence rate. The sum of the measured 
transmittance and reflectance in non-absorbing foams are over 100%, possibly due to the 
inaccuracy in reflectance measurements. An error in the light reflection measurements is more 
likely since the measurement point was further from the glass vessel, and therefore light 
spreading took place. This was corrected by the fraction of light that arrives to the measurement 
point when a white and black paper sheet was applied instead of the foam vessel. The white 
surface is assumed to represent complete diffuse reflectance while the black surface represents 
complete absorbance. Therefore, these measurements depend on many parameters, such as the 
absorption and reflection from the paper sheets and the angular distributions of reflections from 
both the foam and the white paper. As expected, for the model simulations the sum of reflection 
and transmission is 100% and the light balance closes. Considering the measurement error in 
the reflectance measurements, the model predicts the light distribution well. 
In foam with increasing microalgae concentration, the simulations predict a steeper decrease of 
fluence rate with depth compared to the measurements (Figures 5.A.1 B, C and D). The 
reflectance and transmittance values are systematically underestimated by the model compared 
to the measured values. It is unsure whether the deviations are due to the inaccuracy in the 
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measurements, since the light balance does not close, or are related to an incomplete model 
description. In the model, the absorption cross section of a photoacclimated microalgal mass 
culture was applied, which does not necessarily represent the absorption cross section of the 
culture used in the experiments. Also, inaccuracies in bubble size measurements or 
inhomogeneous liquid supply from the top might result in an altered liquid fraction, leading to 
different reflectance/transmittance.  
The light model outputs, such as, reflectance, transmittance and fluence rate profile in depth 
show the same pattern as the measured values. These patterns include the reflectance and 
transmittance decrease with increasing biomass concentration and also the increase of local 
fluence rate at the front of the reactor (up to 5 times the irradiance) and its consequent decrease 
in depth due to absorption and scattering. Therefore, in terms of the most important 
characteristics of light transport, good predictions are obtained. 
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Figure 5.A.1. Light validation experiments and corresponding model simulations: A) Clear foam; B) 0.6 g L-1 
microalgae concertation C) 2.6 g L-1 microalgae concentration D) 6 g L-1 microalgae concentration. The horizontal 
dashed line indicates the incident light intensity. E ) represents the transmittance and F) the reflectance from the 
glass container. The error bars represent the standard deviation of three or more measurements. 
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Appendix 5.B: Model description 
5.B.1 Model parameters, inputs and variables 
The values of the fixed model parameters are listed in Table 5.B.1. While most parameters were 
obtained from literature, some were calculated in this study noted as ‘calculated’ in the last 
column, and others were experimentally determined noted as ‘measured’. Model inputs which 
could be varied in the simulations are listed in Table 5.B.2, and all remaining variables within 
the model structure are listed in Table 5.B.3. Subscripts and superscripts, in addition to the ones 
in the previous tables, are collected in Table 5.B.4. 
Table 5.B.1. List of model parameters. 
Parameters 
Symbol Description Value Units Ref. 
ρ Liquid phase density 993.21 kg m-3  a [40] 
µL Liquid phase dynamic viscosity  8.41 10-4 kg m-1 s-1  (Pa s)  Measured, 
corrected b [40] 
σ Liquid phase equilibrium surface tension  0.0436 Nm-1 (kg s-2) Measured, 
corrected c [43] 
g Gravitational acceleration  9.81 m s-2  
ɛmax Maximum liquid fraction of ordered 
foams 
(foams with monodisperse rb) 
0.26 - [14] 
n1-n4 Parameters for the permeability of foam 
for mobile interfaces (dependent on the 
interfacial mobility/rigidity of the 
interfaces; mobile interfaces are used) 
1.5, 425, 2.7, 
2.2 
- [14] 
α 
 
Parameter for the osmotic pressure 
expression for ordered foams, 
representing polydispersity of rb 
7.3 - [14] 
R Ideal gas constant 0.08206 L atm K−1 mol−1  
MD Molar density of CO2 , O2 and N2 (1 atm, 
37 ºC) 
39.2913 mol m-3 Calculated 
HCO2 Henry’s constant for CO2, 37 ºC 0.0408 atm mol-1 m3 [44] 
HO2 Henry’s constant for O2, 37 ºC 0.9223 atm mol-1 m3 [44] 
ÐCO2 Diffusion coefficient CO2 in water , 37 ºC 2.5046 10-9 m2 s-1 [45] 
ÐO2 Diffusion coefficient O2 in water, 37 ºC 2.6244 10-9 m2 s-1 [46] 
PT Atmospheric pressure 1 atm  
MWx Molar weight microalgal biomass 
expressed in C-moles (Chlorella) 
22.26 g molx-1 [47] 
ax(λ)  Wavelength-specific light absorption 
coefficient (Chlorella) 
Supplemen-
tary material 
m2 molx-1 d [37] 
Table continued on next page 
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Table 5.B.1. continued 
Symbol Description Value Units Ref. 
YX/s Yield biomass on sugar (Chlorella) 0.59 molx mols-1 Using NH4 or 
urea [10] 
ms Maintenance parameter (Chlorella) 2.5 10-6 mols molx-1 s-1 [10] 
Ys/phMAX Maximum yield sugar on light (Chlorella) 0.1 mols molph-1  [10] 
qsMAX Maximum production of sugar 
(Chlorella) 
1.3 10-4 mols molx-1 s-1 For NH4 [10] 
YCO2/X Yield of CO2 on biomass (Chlorella) -0.94  molCO2 molx-1 Calculated on 
urea e 
YO2/X Yield of O2 on biomass (Chlorella) 1.18975 molO2 mox-1 Calculated on 
urea e 
ng Refractive index of glass 1.5 - [48] 
nw Refractive index of water 1.33 - [48] 
na Refractive index of air 1 - [48] 
r21 Reflectivity of surfaces for diffuse light 0.4913 - Calculated 
rce Reflectivity for collimated light (front) 0.04332 - Calculated 
rce’ Reflectivity for collimated light (back) 0.04332 - Calculated 
En(λ) Spectral distribution of sunlight Supplemen-
tary material 
nm-1 ASTM G173-03 f 
gS Anisotropy of scattering 0 -  
Ks Monod half-rate constant, CO2 conc. 8.6 10-3  mol m-3 [49] 
Air  Volume fraction CO2  
Volume fraction O2   
Volume fraction N2   
0.0004 
0.20946 
0.78084 
- [50] 
ηGpump Efficiency of gas pump 75 % [2] 
ηLpump Efficiency of liquid pump 70 % [18] 
ECx,sep Energy required per m3 processed 
suspension 
5.4 106 J m-3 [19] 
a For the liquid phase density the value of water at 37 ºC is used and the effect of microalgae and salts is neglected. 
b Since the viscosity measurements were done at a 21.5 ºC, thus a lower temperature than 37 ºC used in the model, 
a factor for temperature correction was introduced based on the relative decrease of viscosity of water between 
those temperatures [40]. 
c For the surface tension measurements a temperature correction factor was introduced according to the relative 
surface tension change of water between 20 and 35 ºC [43]. 
d The absorption cross section spectra of a photoacclimated microalgal mass culture of Chlorella sorokiniana were 
used [37]. 
e The elemental composition and molar mass of Chlorella was determined by Duboc et al. [47]. However, since 
phosphorus is not included in that elemental composition, the suggestion from Blanken et al. [10] was applied: 0.01 
moles of phosphorus per carbon-mole of biomass (molx). Therefore, the elemental composition of Chlorella was 
thus assumed to be CH1.78O0.36N0.12P0.01. According to the stoichiometry of the growth of Chlorella, considering urea 
as nitrogen source, and phosphate as phosphor source, YCO2/x and YO2/x can be calculated.  
f The sunlight emission spectra was obtained from NREL, the Reference Solar Spectral Irradiance at Air Mass 1.5 
was used (http://rredc.nrel.gov/solar/spectra/am1.5/). Conversion of irradiance (W m-2) to photon flux density (µmol 
m-2 s-1) was done according to Planck’s Law. 
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Table 5.B.2. List of model inputs. 
Inputs for the model 
Symbol Meaning Value(s) Unit Comment/ref 
cx Concentration of biomass in the liquid phase variable Cmol m-3 g L-1 conversion [36] 
h x d x w Reactor dimensions (height x depth x width) variable m  
JG Gas superficial velocity variable m s-1  
rb Radius of gas bubble variable m  
Jw Superficial liquid recirculation rate variable m s-1  
E0 Irradiance variable µmol m-2 s-1  
CCO2L,in Inlet liquid CO2 concentration 0.043  mol m-3 5⋅Ksa 
CO2L,in Inlet liquid O2 concentration 0.2271  mol m-3 Air –equilibriumb 
a In order to achieve sufficient CO2 supply in the inlet flow, HCO3- is added in a concentration that at pH 7 the 
liquid phase contains 5⋅Ks dissolved CO2 concentration.  
b Since the liquid inlet is in equilibrium with air, its O2 concentration can be calculated from Henry’s law at 37 ºC. 
Table 5.B.3. List of variables within the model. Height, depth and wavelength dependencies are not listed in this 
table, in the text these are indicated by brackets after the variable. 
Variables during simulations 
Symbol Meaning Unit 
VR Total volume of the reactor , VR= h.d.w m3 
VL Liquid volume in the reactor, VL= VR .εav m3 
Alight Illuminated surface area of the reactor, Alight=h.w m2 
FG Volumetric gas flow rate, FG =JG.w.d  m3 s-1 
FR Recirculation flow rate, FR = Jw.w.d m3 s-1 
ε Volumetric liquid fraction in the foam - 
y Vertical position in reactor (height coordinates),values from 0 to h m 
z Horizontal position in reactor (depth coordinates), values from 0 to d m 
FL Inflow and outflow rate for continuous operation m3 s-1 
ε∞ Liquid fraction far away from the bottom in steady state - 
Π Osmotic or disjoining pressure of the foam  N m-2 
k(ε) Foam permeability normalized by the square of bubble radius - 
Jf Superficial net liquid velocity in the foam column m s-1 
Jd Superficial liquid drainage rate (appears only in validation, Appendix 5.A) m s-1   
λ Wavelength, values from 400 to 700 nm nm 
r Reflection factor from different interfaces - 
R, Rflux Reflectivity, Reflected flux % , µmol m-2 s-1 
T, Tflux Transmittance, Transmitted flux % , µmol m-2 s-1 
µa Absorption coefficient m-1 
la Absorption length m 
lasoln Absorption length of liquid solution m 
µs Scattering coefficient m-1 
l* Optical mean free path m 
µt Total attenuation coefficient; 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 = 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 + 𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐 m-1 
µeff Effective attenuation coefficient; 𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �3 ⋅ 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 ⋅ (𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 + 𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐 ⋅ (1 − 𝑔𝑔𝑔𝑔)) m-1 
Table continued on next page 
Potential of a liquid foam-bed photobioreactor for microalgae cultivation  
154 
 
Table 5.B.3. Continued 
Symbol Meaning Unit 
F+ Hemispherical photon flux per unit area (dA)– integration over 2π solid 
angle in forward direction (same as incident light) 
µmol m-2 s-1  
F− Hemispherical photon flux per unit area (dA)– integration over 2π solid 
angle in backward direction (opposite as incident light) 
µmol m-2 s-1  
Φt Fluence rate, total photon flux density µmol m-2 s-1  
S+ / S- Coefficients applied in the light model m -2 
A+ / A- / q / 
A+ - / A- + 
Coefficients applied in the light model - 
rx Biomass volumetric productivity molx m-3 s-1 (g L-1 d-1) 
rxAreal Biomass areal productivity g h-1 m-2  
qi Specific production rate of compound i 
Consumption rates own a negative value 
moli molx-1 s-1 
µ Biomass specific growth rate s-1 
ri Volumetric production rate of compound i in the liquid phase; 
 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖 ∙ 𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥. Consumption rates own a negative value moli m-3 s-1 
Yx/ph Biomass yield on photons molx molph-1 (g molph-
1) 
Vslip Slip velocity (velocity difference between the gas and the liquid phases 
in rising foam)  
m s-1 
kL,I  Liquid-side mass transfer coefficient for compound i m s-1 
a Specific surface area of the foam m -2 
kLai Volumetric mass transfer coefficient for compound i s-1 
Ci  Concentration of compound i mol m-3 
Ci * Interface equilibrium concentration of compound i mol m-3 
Pi Partial pressure of compound i Atm 
yi Molar fraction of compound i  - 
ηCO2 CO2 uptake efficiency - 
P Power W 
pF Hydrostatic pressure of the foam Pa 
E Energy requirements per gram of biomass produced  kJ gx -1 
ESep Energy requirement for the algal separation per gram of biomass kJ gx -1 
Table 5.B.4. Subscripts and superscripts of the model variables and inputs. 
Superscript  Subscript  
L Liquid phase x Biomass 
F Foam phase CO2 Carbon dioxide 
G Gas phase O2 Oxygen 
av Averaged for the liquid phase s Sugar 
w In case of liquid addition ph Photon 
fb In case of foam-breaking a / g / w Air/ glass/ water 
stst Steady-state   
avPAR Averaged for the PAR region   
In / out Inlet/ outlet    
* Interface    
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5.B.2 Liquid fraction model 
The net superficial liquid velocity (Jf) in a rising foam is obtained from the sum of upward 
liquid movements and the relative downward liquid movements (Eq. 5.B.1). The first term of 
Eq. 5.B.1 represents the liquid flow upward in the rising foam due to the gas supply. The second 
term gives the slip velocity or drainage rate, which is the difference between the flow velocities 
of the liquid and gas phases. The superficial slip velocity can be calculated by Darcy’s law. 
This slip velocity is characterized by the foam properties (bubble size, permeability and 
viscosity), gravity, and the osmotic pressure gradient in the foam in height [14]. Osmotic 
pressure is determined by the surface tension, bubble size, liquid fraction, maximal liquid 
fraction of the foam near the interface and constants related to the dispersity of bubble size 
distribution (Eq. 5.B.2). Foam permeability is related to foam structure (liquid fraction) and the 
physical-chemical properties of foams related to the mobility of interfaces (Eq. 5.B.3). The net 
liquid superficial velocity, the osmotic pressure in the foam and the permeability are defined in 
Eq. 5.B.1-5.B.3 [14].  
𝐽𝐽𝐽𝐽𝑓𝑓𝑓𝑓 = ε ⋅ 𝐽𝐽𝐽𝐽𝐺𝐺𝐺𝐺1−ε + 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏2 ⋅ 𝑏𝑏𝑏𝑏(ε)µ𝐿𝐿𝐿𝐿 �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(ɛ)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝜌𝜌𝜌𝜌 ⋅ 𝑔𝑔𝑔𝑔�      Equation 5.B.1 
𝛱𝛱𝛱𝛱 = 𝛼𝛼𝛼𝛼⋅𝜎𝜎𝜎𝜎⋅(Ɛ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−Ɛ)2
𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏⋅√Ɛ
        Equation 5.B.2 
𝑘𝑘𝑘𝑘(ε) = Ɛ𝑖𝑖𝑖𝑖1
𝑖𝑖𝑖𝑖2⋅(1−𝑖𝑖𝑖𝑖3⋅ε+𝑖𝑖𝑖𝑖4⋅ε2)2        Equation 5.B.3 
In this study, a monodisperse foam with mobile interfaces was considered. The assumptions of 
mobile interfaces for Pluronic F68 solutions are based on literature evaluation of physico-
chemical foam properties [14]. n1-n4 are semi-empirical parameters, which values are 1.5, 425, 
2.7, 2.2 [14,51], for mobile interfaces, while α=7.3 and εmax=0.26 for ordered, monodisperse 
foams [14]. For the bubble size, a Sauter mean bubble radius is used by Yazhgur et al. [14], 
which matches with the radius of bubbles under the assumption of uniform bubble size. 
In order to obtain the liquid fraction gradient in height, 𝑑𝑑𝑑𝑑Ɛ
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
, the gradient of 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 should be 
expressed in terms of 𝑑𝑑𝑑𝑑ε
𝑑𝑑𝑑𝑑ℎ
, resulting in the following expression (Eq. 5.B.4). 
 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝛼𝛼𝛼𝛼⋅𝜎𝜎𝜎𝜎⋅(ε−ε𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)⋅(3ε+ε𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
2⋅𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏⋅ε
3
2
⋅
𝑑𝑑𝑑𝑑ε
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
      Equation 5.B.4 
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This term can be substituted to the expression for Jf (Eq. 5.B.1), and by re-arranging the 
equation to give 𝑑𝑑𝑑𝑑ε
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
, the liquid fraction profile can be predicted (Eq. 5.B.8). However, firstly the 
net liquid superficial velocity in the foam, Jf has to be determined.  
The net superficial liquid velocity in the foam, Jfstst is constant throughout a rising foam in 
steady-state due to conservation of mass. This steady state is defined such that the liquid fraction 
is constant in time at any position in the foam-bed (but the liquid fraction can still differ between 
different positions). Since the net superficial liquid velocity is constant, its value far away from 
the bottom, where the liquid fraction gradient can be neglected (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 0 and therefore 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 0) 
is representative for the whole column. This condition can be used in order to obtain Jfstst. To 
express this, firstly the liquid fraction far away from the bottom (ɛ∞) has to be expressed, which 
is obtained from Eq. 5.B.1 by applying 𝑑𝑑𝑑𝑑𝐽𝐽𝐽𝐽𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑ε
= 0 (Eq. 5.B.5 and 5.B.6).  
𝐽𝐽𝐽𝐽𝐺𝐺𝐺𝐺(ε∞−1)2 − 𝜌𝜌𝜌𝜌∙𝑎𝑎𝑎𝑎∙𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏2µ𝐿𝐿𝐿𝐿 ∙ 𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏(ε∞)𝑑𝑑𝑑𝑑ε∞ = 0       Equation 5.B.5 
Where 𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏(ε∞)
𝑑𝑑𝑑𝑑ε∞
= ε∞(𝑖𝑖𝑖𝑖1−1) ∙ �(𝑖𝑖𝑖𝑖1−4)∙𝑖𝑖𝑖𝑖4∙ε∞2+(2−𝑖𝑖𝑖𝑖1)∙ 𝑖𝑖𝑖𝑖3∙ ε∞+𝑖𝑖𝑖𝑖1�
𝑖𝑖𝑖𝑖2∙ �𝑖𝑖𝑖𝑖4∙ ε∞2−𝑖𝑖𝑖𝑖3∙ ε∞+1�3     Equation 5.B.6 
From ɛ∞, the steady state liquid superficial velocity, Jfstst throughout the foam column can be 
obtained. Substituting ε∞ to Eq. 5.B.1 and neglecting the osmotic pressure term result in the 
following expression for the steady state superficial liquid velocity: 
𝐽𝐽𝐽𝐽𝑓𝑓𝑓𝑓
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ε∞∙ 𝐽𝐽𝐽𝐽𝐺𝐺𝐺𝐺
1−ε∞
−
𝜌𝜌𝜌𝜌∙𝑎𝑎𝑎𝑎∙𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏
2∙ ε∞𝑖𝑖𝑖𝑖1
µ∙𝑖𝑖𝑖𝑖2⋅�1−𝑖𝑖𝑖𝑖3∙ ε∞+𝑖𝑖𝑖𝑖3∙ ε∞2�2     Equation 5.B.7 
Finally, the liquid fraction gradient in height can be expressed by applying Jfstst (Eq. 5.B.8).  
𝑑𝑑𝑑𝑑ε
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= ��𝐽𝐽𝐽𝐽𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − ε⋅𝐽𝐽𝐽𝐽𝐺𝐺𝐺𝐺1−ε� µ⋅𝑖𝑖𝑖𝑖2⋅�1−𝑖𝑖𝑖𝑖3⋅ε+𝑖𝑖𝑖𝑖4⋅ε2�2𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏2⋅ε𝑖𝑖𝑖𝑖1 + 𝜌𝜌𝜌𝜌 ⋅ 𝑔𝑔𝑔𝑔� 2⋅𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏ε32𝛼𝛼𝛼𝛼⋅𝜎𝜎𝜎𝜎⋅(ε−ε𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)⋅(3⋅ε+ε𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)  Equation 5.B.8 
This first order differential equation (Eq. 5.B.8) integrated with εmax as the boundary condition 
for y = 0 provides the vertical liquid fraction gradient of foam in steady-state. 
The liquid recirculation in photobioreactors can be modelled as external liquid addition from 
the top to a rising foam column. This will increase the liquid fraction throughout the foam due 
to enhanced liquid drainage via the foam structure. The liquid addition reduces the net liquid 
superficial velocity, which eventually will have a downward orientation, also in case of a rising 
foam column. According to theory from Stevenson et al. [5], the liquid addition rate, Jw can be 
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accommodated to Eq. 5.B.8 by subtracting Jw from the above calculated Jfstst (Eq. 5.B.9). Thus, 
the ‘new’ steady-state net liquid superficial velocity in case of liquid addition, Jfw,stst can be 
described as Jfw,stst=Jfstst-Jw, where Jfstst represents the liquid superficial velocity of a rising foam, 
without liquid addition, as calculate by Eq. 5.B.8. In case the foam is broken at a certain height, 
the liquid liberated from the broken bubbles can be seen as additional liquid supply (Jwfb). In 
this case the net superficial liquid velocity will be 0, since the additional flux due to bubble 
collapse exactly matches the liquid flux that reaches the foam breaker. Therefore, the net flux 
without foam breaking (Jfstst ) equals to the additional flux resulting from foam breaking (Jwfb), 
Jwfb,stst= Jfstst- Jwfb =0 . In case of both foam breaking and liquid addition, Jw includes both of 
these fluxes, thus Jfw+fb,stst =–Jw. 
𝑑𝑑𝑑𝑑ε
𝑑𝑑𝑑𝑑ℎ
= ��𝐽𝐽𝐽𝐽𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐽𝐽𝐽𝐽𝑤𝑤𝑤𝑤 − ε∙⋅𝐽𝐽𝐽𝐽𝐺𝐺𝐺𝐺1−ε� ∙ µ∙ 𝑖𝑖𝑖𝑖2�1−𝑖𝑖𝑖𝑖3∙ ε+𝑖𝑖𝑖𝑖4∙ ε2�2𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏2∙ ε𝑖𝑖𝑖𝑖1 + 𝜌𝜌𝜌𝜌 ∙ 𝑔𝑔𝑔𝑔� ∙ 2∙𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏∙ε32𝛼𝛼𝛼𝛼∙𝜎𝜎𝜎𝜎∙(ε−ε𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)∙(3∙ε+ε𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)  
Equation 5.B.9  
5.B.3 Light model 
Light transport in the foam was modelled according to the light diffusion theory. The concept 
from Welch et al. served as a baseline for the calculations considering an infinite wide and high 
slab with finite thickness [15].  
The total fluence rate at a given position is the sum of the scattered and the non-scattered fluence 
rates (Eq. 5.B.10). The scattered fluence rate can be described by the first part of Eq. 5.B.10, 
where F+(z) and F-(z) are hemispherical fluxes which are defined as energy flux through unit 
area in either forward or backward direction (F+(z) and F-(z), respectively) . The second part of 
the equation represents the direct fluence rate. The fluence rate and the hemispherical fluxes in 
our calculations are expressed in µmol m-2 s-1.  
𝛷𝛷𝛷𝛷𝑡𝑡𝑡𝑡(𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧, 𝜆𝜆𝜆𝜆) = 2 · [𝐹𝐹𝐹𝐹+(𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧, 𝜆𝜆𝜆𝜆, ) + 𝐹𝐹𝐹𝐹−(𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧, 𝜆𝜆𝜆𝜆)] + (1 − 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) · 𝐸𝐸𝐸𝐸0 · 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(−𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) · 𝑧𝑧𝑧𝑧)  
Equation 5.B.10 
In Eq. 5.B.10, the internally reflected collimated light from the glass wall at the back of the 
reactor was neglected, since collimated light attenuates rapidly due to both scattering and 
absorption. Therefore, collimated light arriving to the back of the reactor is low especially in 
case of high biomass densities, which, when multiplied with the reflection factor rce’ in the 
order of a few percentages, results in negligible light intensities. 
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The hemispherical fluxes can be described at depth ‘z’ by the following equations (Eq. 5.B.11 
and 5.B.12). These expressions are also height dependent as the optical properties of the foam 
are influenced by the height-dependent liquid fraction. In addition, some optical properties 
depend on the wavelength, such as specific light absorption.  
𝐹𝐹𝐹𝐹+(𝑧𝑧𝑧𝑧,𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = (1 − 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) ∙ 𝐸𝐸𝐸𝐸0 ∙ [𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝐴𝐴𝐴𝐴− +(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙  𝑧𝑧𝑧𝑧� + 
𝐴𝐴𝐴𝐴+ − (𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�−𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑧𝑧𝑧𝑧� + 𝐴𝐴𝐴𝐴+ ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (−𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑧𝑧𝑧𝑧)]   Equation 5.B.11 
 
𝐹𝐹𝐹𝐹−(𝑧𝑧𝑧𝑧,𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = (1 − 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) ∙  𝐸𝐸𝐸𝐸0 ∙ [𝐴𝐴𝐴𝐴− +(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑧𝑧𝑧𝑧� + 
𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝐴𝐴𝐴𝐴+ −(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�−𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑧𝑧𝑧𝑧� + 𝐴𝐴𝐴𝐴− ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (−𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑧𝑧𝑧𝑧)]  Equation 5.B.12 
The variables q(y,λ), A+-(y,λ), A-+(y,λ), µeff(y,λ), µt(y,λ), S+(y,λ), A-(y,λ), A+(y,λ) are only a 
function of the scattering and absorption coefficients, the anisotropy of scattering gS, and the 
reflection factors for collimated and diffuse light, rce and r21 respectively. 
 
Figure 5.B.1. Visualization of reflection of both scattered and collimated light from the different interfaces between 
air, glass and liquid. 
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Since the foam is contained in glass reactors, multiple reflecting surfaces have to be considered 
when determining the value of the reflection factors for both collimated and diffuse light. The 
glass walls were considered to be completely wetted by the foam, thus air-glass (a/g), glass-air 
(g/a), glass-water (g/w), and water-glass (w/g) interfaces were assumed for both collimated (rce) 
and diffuse (r21) light. The transition between the thin water and the foam was neglected since 
the water film can be regarded as part of the foam structure. A schematic overview of the light 
fluxes in the foam-bed photobioreactor are presented in Figure 5.B.1. The rce was calculated 
from Snell’s law and the Fresnels equations [15], as shown by Eq. 5.B.13. These calculations 
are based on the refractive indexes of the materials and the incident angles. When the collimated 
light beam is perpendicular to the surface of the reactor, the collimated light beam hits the air-
glass (a/g) interface with an incident angle of 0º. For the calculation of the reflection factor rce, 
the reflected flux from the a/g interface and the transmitted flux originating from the internal 
reflection in the glass plate was considered. Further internal reflections in the glass plates were 
neglected. Similarly, the reflection factor for collimated light at the back of the reactor can be 
calculated (Eq. 5.B.14).  
𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = (1 − 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖/𝑎𝑎𝑎𝑎) ⋅ (1 − 𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎/𝑖𝑖𝑖𝑖) ⋅ 𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎/𝑤𝑤𝑤𝑤 + 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖/𝑎𝑎𝑎𝑎       Equation 5.B.13 
𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏′ = �1 − 𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎/𝑤𝑤𝑤𝑤� ⋅ �1 − 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤/𝑎𝑎𝑎𝑎� ⋅  𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎/𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤/𝑎𝑎𝑎𝑎       Equation 5.B.14 
In a similar way r21 was calculated for diffuse light (Eq. 5.B.15). Since diffuse light is generated 
within the foam, inside the reactor, reflection takes place firstly at the water-glass interface and 
afterwards at the glass-air interface. For the determination of the reflection factor for diffuse 
light its angular distribution has to be considered. Assuming that the generated diffuse light 
inside the foam is isotropic, all angles have equal probability. The angular distribution of the 
transmitted flux and its relative magnitude can be calculated from the incident angles by means 
of Snell’s law and the Fresnel equations. The reflected flux has the same angular-distribution 
as the incident diffuse light to that interface and thus remains diffuse.  
𝑟𝑟𝑟𝑟21 = �1 − 𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎/𝑤𝑤𝑤𝑤� ⋅ �1 − 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤/𝑎𝑎𝑎𝑎� ⋅ 𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎/𝑖𝑖𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤/𝑎𝑎𝑎𝑎       Equation 5.B.15 
The theory presented by Welch et al. [15] is valid for refractive-index matched boundaries. 
Since the refractive index of the media (foam) and the environment (glass and air) are different 
in the case of a foam-bed, refractive index mismatched boundaries have to be considered. 
Therefore, in this study the refraction of diffuse light from these boundaries was taken into 
account. In addition, reflection from the boundaries increases the diffuse fluence rate in the 
foam, therefore the case of index mismatched boundaries is resulting in higher fluence rates 
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compared to the matched boundaries. In order to include this extra light flux, we modified the 
parameters in the theory presented by Welch et al. [15], describing for refractive index matched 
case. The coefficients A+- and A-+ were altered to fit the boundary conditions of the index 
mismatched case (Eq. 5.B.21 and 5.B.22). These boundary conditions can be expressed as 
F+(0)=r21⋅F-(0) and F-(d)=r21⋅F+(d), where r21 represents the fraction of light that is reflected 
back to the scattering media from the boundary. In order to prove the validity of the expressions 
for A+- and A-+ derived in this study for index mismatch case, they were compared with 
published data for the index matched boundaries (r21=0). In this case our expression match the 
expressions presented by Welch et al. [15]. Further variables used in Eq. 5.B.11 and 5.B.12 are 
presented in Eq. 5.B.16-5.B.23.  
𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = 𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)−2∙ 𝜇𝜇𝜇𝜇𝑓𝑓𝑓𝑓(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)
𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)+2∙ 𝜇𝜇𝜇𝜇𝑓𝑓𝑓𝑓(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)       Equation 5.B.162 
𝑆𝑆𝑆𝑆+(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = 𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)4 ∙ [(5 + 9 ∙ 𝑔𝑔𝑔𝑔𝑆𝑆𝑆𝑆) ∙ 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 (𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) + 5 ∙ 𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆)]    Equation 5.B.17 
𝑆𝑆𝑆𝑆−(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = 𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)4 ∙ [(1 − 3 ∙ 𝑔𝑔𝑔𝑔𝑆𝑆𝑆𝑆) ∙ 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 (𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) + 𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆)]    Equation 5.B.18 (𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆))2 = 3 ∙ 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 (𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ [𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) + �1 − 𝑔𝑔𝑔𝑔𝑆𝑆𝑆𝑆� ∙ 𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐 (𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆)]  Equation 5.B.19 
𝝁𝝁𝝁𝝁𝒇𝒇𝒇𝒇(𝒄𝒄𝒄𝒄,𝝀𝝀𝝀𝝀)= 𝝁𝝁𝝁𝝁𝒊𝒊𝒊𝒊(𝒄𝒄𝒄𝒄,𝝀𝝀𝝀𝝀) + 𝝁𝝁𝝁𝝁𝒊𝒊𝒊𝒊 (𝒄𝒄𝒄𝒄,𝝀𝝀𝝀𝝀)       Equation 5.B.20 
𝐴𝐴𝐴𝐴±(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = − 𝑆𝑆𝑆𝑆±(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)(𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆))2−(𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆))2      Equation 5.B.21 
 
𝐴𝐴𝐴𝐴+ −(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆)′ = �𝑟𝑟𝑟𝑟21∙ 𝐴𝐴𝐴𝐴−(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)−𝐴𝐴𝐴𝐴+(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)�∙ (1−𝑟𝑟𝑟𝑟21∙ 𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆))𝑟𝑟𝑟𝑟21−𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆) ∙ 𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)∙ 𝑑𝑑𝑑𝑑�+�𝑟𝑟𝑟𝑟21∙ 𝐴𝐴𝐴𝐴+(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)−𝐴𝐴𝐴𝐴−(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)�∙ 𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 (−𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)∙ 𝑑𝑑𝑑𝑑) (1−𝑟𝑟𝑟𝑟21∙ 𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆))2
𝑟𝑟𝑟𝑟21−𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆) ∙ 𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)∙ 𝑑𝑑𝑑𝑑�−(𝑟𝑟𝑟𝑟21−𝑞𝑞𝑞𝑞(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆))∙ 𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�−𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)∙ 𝑑𝑑𝑑𝑑�  
          Equation 5.B.22 
𝐴𝐴𝐴𝐴− +(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆)′ = �𝑟𝑟𝑟𝑟21∙ 𝐴𝐴𝐴𝐴+(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)−𝐴𝐴𝐴𝐴−(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)� ∙ 𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 (−𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆) ∙ 𝑑𝑑𝑑𝑑) − (𝐴𝐴𝐴𝐴+(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)−𝑟𝑟𝑟𝑟21∙ 𝐴𝐴𝐴𝐴−(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆))∙( 𝑟𝑟𝑟𝑟21−𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)) ∙ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒�−𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)∙ 𝑖𝑖𝑖𝑖�1−𝑟𝑟𝑟𝑟21∙ 𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)   
�1−𝑟𝑟𝑟𝑟21∙ 𝑞𝑞𝑞𝑞(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)� ∙𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑,𝜆𝜆𝜆𝜆)∙ 𝑑𝑑𝑑𝑑� − (𝑟𝑟𝑟𝑟21−𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆))2 ∙ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒�−𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)∙ 𝑖𝑖𝑖𝑖�1−𝑟𝑟𝑟𝑟21∙ 𝑞𝑞𝑞𝑞(𝑦𝑦𝑦𝑦,𝜆𝜆𝜆𝜆)  
          Equation 5.B.23 
The optical parameters, such as the scattering and absorption coefficients are both influenced 
by the liquid fraction, and consequently depend on the vertical location in the reactor. The 
reduced scattering coefficient of aqueous foams (µs’) is the reciprocal of the transport free mean 
path length l*(y), calculated according to Vera et al. [52], by an empirical formula (Eq. 5.B.24). 
The light scattering behaviour of microalgae cells was neglected. Similarly, the absorption 
coefficient (µa) of foam is the reciprocal of the absorption length of the foam, which is related 
to the absorption length of the liquid phase (lasoln), as shown in Eq. 5.B.25. The microalgal cells 
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are assumed to be mass culture acclimated when obtaining microalgal absorption cross section, 
ax values [37]. For the calculations of µa, the photon distribution between the liquid and gas 
phase has to be known. According to Gittings et al. [53], at intermediate liquid fractions, in 
contrast to particularly high or low liquid fractions, a photon does not stay in the gas and liquid 
phase proportionally to the liquid fraction. This effect is called photon channelling, and 
described that photons have a preference for the liquid phase in foams. A photon’s light path is 
about 40% more in the liquid phase compared to a distribution determined by the liquid fraction. 
Such intermediate liquid fractions are defined between 4% and 20%, and the corresponding 
absorption length and absorption coefficient can be expressed by Eq. 5.B.26, while the 
expressions for particularly low or high liquid fraction values are presented in Eq. 5.B.27. 
𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐
′(𝑦𝑦𝑦𝑦) = 𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐(𝑦𝑦𝑦𝑦) ⋅ (1 − 𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐) = 1𝑖𝑖𝑖𝑖∗(𝑑𝑑𝑑𝑑) = 12∙ 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏∙(1.5+0.14𝜀𝜀𝜀𝜀(𝑦𝑦𝑦𝑦))     Equation 5.B.24 
𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐(𝜆𝜆𝜆𝜆) = 1
𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 ∙ 𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥(𝜆𝜆𝜆𝜆)        Equation 5.B.25 
𝝁𝝁𝝁𝝁𝒊𝒊𝒊𝒊(𝒄𝒄𝒄𝒄,𝝀𝝀𝝀𝝀) = 𝟏𝟏𝟏𝟏
𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊
𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄𝒊𝒊𝒊𝒊(𝝀𝝀𝝀𝝀) ∙ (𝟔𝟔𝟔𝟔.𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕
𝜺𝜺𝜺𝜺(𝒄𝒄𝒄𝒄)+𝟔𝟔𝟔𝟔.𝑶𝑶𝑶𝑶𝟕𝟕𝟕𝟕) = 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙 ∙ 𝒊𝒊𝒊𝒊𝒙𝒙𝒙𝒙(𝝀𝝀𝝀𝝀)𝟔𝟔𝟔𝟔.𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝜺𝜺𝜺𝜺(𝒄𝒄𝒄𝒄)+𝟔𝟔𝟔𝟔.𝑶𝑶𝑶𝑶𝟕𝟕𝟕𝟕  for 0.04 < ɛ < 0.2   Equation 5.B.26 
𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = 𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑)𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝜆𝜆𝜆𝜆) = 𝜀𝜀𝜀𝜀(𝑦𝑦𝑦𝑦) ∙ 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 ∙ 𝑄𝑄𝑄𝑄𝑥𝑥𝑥𝑥(𝜆𝜆𝜆𝜆)    for ɛ < 0.04 or ɛ > 0.2  Equation 5.B.27 
In order to define the total irradiance, the illuminating light intensities at different wavelengths 
between 400-700 nm have to be summed (Eq. 5.B.28), and conversely, the radiation at given 
wavelength can be calculated based on the normalised spectral distribution of the light source, 
En(λ) and the total illuminating light intensity E0. For the growth simulations, the spectrum of 
sunlight emission was applied, while for the model validation the spectra of the light source 
used in our experiments was taken into account. 
𝐸𝐸𝐸𝐸0 = ∑ 𝐸𝐸𝐸𝐸0(𝜆𝜆𝜆𝜆) ∙ ∆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆=700𝜆𝜆𝜆𝜆=400 =∑ 𝐸𝐸𝐸𝐸0𝜆𝜆𝜆𝜆=700𝜆𝜆𝜆𝜆=400 ∙ 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐(𝜆𝜆𝜆𝜆) ∙ ∆𝜆𝜆𝜆𝜆    Equation 5.B.28 
The light leaving the system via the front wall (where the collimated light beam enters) is the 
reflected flux, which can be calculated as presented in Eq. 5.B.29. The transmitted flux, which 
is the light leaving the system on the back of the reactor is the transmitted flux, presented in Eq. 
5.B.30. 
𝑅𝑅𝑅𝑅(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = (1 − 𝑟𝑟𝑟𝑟21) ∙ 𝐹𝐹𝐹𝐹−(0,𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) + 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∙ 𝐸𝐸𝐸𝐸0(𝜆𝜆𝜆𝜆)     Equation 5.B.29 
𝑇𝑇𝑇𝑇(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) = (1 − 𝑟𝑟𝑟𝑟21) ∙ 𝐹𝐹𝐹𝐹+(𝑦𝑦𝑦𝑦,𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) + (1 − 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)(1− 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏′) ∙ 𝐸𝐸𝐸𝐸0(𝜆𝜆𝜆𝜆) ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (−µ𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦, 𝜆𝜆𝜆𝜆) ∙ 𝑦𝑦𝑦𝑦)   
Equation 5.B.30 
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5.B.4 Growth model 
In order to calculate the specific rate of photosynthesis qs (i.e. sugar production in the 
chloroplast) the model of Jassby & Platt is applied according to Blanken et al. [10,54]. This 
model is only applicable if light availability limits the algal growth. In order to predict the local 
fluence rate, фt(λ,y,z), the previously described light model was used. Firstly, the biomass 
specific photon absorption rate (qph) is determined by Eq. 5.B.31 , which is used to calculate 
the values of sugar production rate, qs (Eq. 5.B.32) and finally, the local growth rates (µ) can 
be obtained (Eq. 5.B.33). 
𝑞𝑞𝑞𝑞𝑝𝑝𝑝𝑝ℎ(𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧) = ∑ 𝑄𝑄𝑄𝑄𝑥𝑥𝑥𝑥(𝜆𝜆𝜆𝜆) ∙  ф𝑖𝑖𝑖𝑖(𝜆𝜆𝜆𝜆,𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧)𝜆𝜆𝜆𝜆=700𝜆𝜆𝜆𝜆=400       Equation 5.B.31 
𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐(𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧) = 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀 ∙ 𝑡𝑡𝑡𝑡𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄ℎ � 𝑌𝑌𝑌𝑌𝑡𝑡𝑡𝑡/𝑒𝑒𝑒𝑒ℎ𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀 ∙ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒ℎ(𝑑𝑑𝑑𝑑,𝑧𝑧𝑧𝑧)∙ 10−6 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀 �    Equation 5.B.32 
𝜇𝜇𝜇𝜇 (𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧) =  (𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐(𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧) −𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐) ∙ 𝑌𝑌𝑌𝑌𝑥𝑥𝑥𝑥/𝑐𝑐𝑐𝑐      Equation 5.B.33 
In case the biomass concentration is too high, at the darker backside of the reactor negative 
production rates will develop because of biomass loss due to maintenance (endogenous 
respiration). However, due to the assumption of an ideally mixed liquid phase, these local rates 
can be averaged for the whole liquid phase volume (Eq. 5.B.34). 
µ 𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 = ∬ µ (𝑑𝑑𝑑𝑑,𝑧𝑧𝑧𝑧) ∙ ℇ(𝑑𝑑𝑑𝑑) ∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧 ∙ 𝑤𝑤𝑤𝑤𝑧𝑧𝑧𝑧=𝑖𝑖𝑖𝑖,𝑦𝑦𝑦𝑦=ℎ𝑧𝑧𝑧𝑧=𝑓𝑓𝑓𝑓,𝑦𝑦𝑦𝑦=0 𝑉𝑉𝑉𝑉 𝐿𝐿𝐿𝐿       Equation 5.B.34 
Where the total amount of liquid in the reactor is expressed by Eq. 5.B.35. 
𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑦𝑦𝑦𝑦 ∙ 𝑤𝑤𝑤𝑤 ∙ ∫ ℇ(𝑦𝑦𝑦𝑦) ∙ 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑑𝑑𝑑𝑑=ℎ𝑑𝑑𝑑𝑑=0        Equation 5.B.35 
The liquid flow rate for the continuous operation is expressed based on the fact that in the 
dilution rate equals the growth rate (Eq. 5.B.36). 
𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿 = 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 ∙ 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿          Equation 5.B.36 
The reactor productivity (molx m-3 s-1) can be obtained by Eq. 5.B.37, while the reactor areal 
productivity by Eq. 5.B.38, expressed as g m-2 d-1. 
𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥
𝐿𝐿𝐿𝐿,𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 = 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 ∙ 𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥        Equation 5.B.37 
𝒊𝒊𝒊𝒊𝒙𝒙𝒙𝒙
𝑨𝑨𝑨𝑨𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 = 𝝁𝝁𝝁𝝁𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊∙ 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙 ∙ 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝒙𝒙𝒙𝒙∙𝑽𝑽𝑽𝑽𝑳𝑳𝑳𝑳⋅𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕⋅𝑶𝑶𝑶𝑶𝟐𝟐𝟐𝟐
𝑨𝑨𝑨𝑨𝒊𝒊𝒊𝒊𝒄𝒄𝒄𝒄𝒍𝒍𝒍𝒍𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉
        Equation 5.B.38 
The biomass yield on light energy in the units of g molph-1 can be calculated by Eq. 5.B.39.  
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𝑌𝑌𝑌𝑌𝑥𝑥𝑥𝑥/𝑝𝑝𝑝𝑝ℎ = 𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∙𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 ∙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥∙𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿10−6 ∙𝐸𝐸𝐸𝐸0∙ 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑙𝑙ℎ𝑡𝑡𝑡𝑡         Equation 5.B.39 
The mass transfer model is linked to the growth model via a linear correlation between the light 
dependent biomass production rate, rx, and the CO2 and O2 production rates, rCO2 and rO2. 
According to the stoichiometry of the growth of Chlorella (Eq. 5.B.40), with the given cell 
composition (CH1.78O0.36N0.12P0.01) and nutrients in the media (urea as nitrogen source, and 
phosphate as phosphorus source), the yield of CO2 on biomass (YCO2/x) and the yield of O2 on 
biomass (YO2/x) can be calculated.  0.94 CO2 + 0.06 CH4N2O + 0.01 H2PO4−+ 0.755 H2O + 0.01H+ →CH1.78O0.36N0.12P0.01  + 1.1875 O2      Equation 5.B.40 
These yields can be used to calculate the average liquid phase volumetric production rates (riL,av, 
where i stands for either O2 or CO2) from the average biomass productivity, rxL,av, according to 
Eq. 5.B.41. 
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖
𝐿𝐿𝐿𝐿,𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 = 𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿,𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 ∙ 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖
𝑥𝑥𝑥𝑥
        Equation 5.B.41 
5.B.5 Mass transfer model 
In order to describe the mass transfer processes taking place in the foam, the mass transfer 
coefficient is essential. Since the gas phase resistance is negligible compared to the liquid phase 
resistance [16], the overall mass transfer coefficient equals to the liquid side mass transfer 
coefficient. The liquid side mass transfer coefficient can be evaluated from the formula 
established for packed bed reactors containing closely-packed solid spheres [55], as shown in 
Eq. 5.B.42. This formula describes well the mass transfer in the foam, as proven by Perry et al. 
[16].  
𝑘𝑘𝑘𝑘𝐿𝐿𝐿𝐿(𝑦𝑦𝑦𝑦) = �2 + 1.1  · �𝜌𝜌𝜌𝜌 ·𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑑𝑑𝑑𝑑) ·2 · 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏 µ𝐿𝐿𝐿𝐿 �0.6 · � µ𝐿𝐿𝐿𝐿𝜌𝜌𝜌𝜌 · Ð�1/3� Ð2 ·𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏    Equation 5.B.42 
In Eq. 5.B.42 the slip velocity Vslip represents the difference between the gas and liquid 
velocities in the rising foam [14,16], as shown in Eq. 5.B.43. The liquid velocity can be obtained 
by applying the steady state liquid flux presented in the liquid fraction model. 
𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝(𝑦𝑦𝑦𝑦) = 𝐽𝐽𝐽𝐽𝐺𝐺𝐺𝐺1−ɛ − 𝐽𝐽𝐽𝐽𝑓𝑓𝑓𝑓ɛ         Equation 5.B.43 
The expression for the specific surface area, a is based on expressing the amount of bubbles 
with a radius of rb in a volume element dVR, and calculating the total surface present in a volume 
dVR (Eq. 5.B.44). 
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𝑄𝑄𝑄𝑄(𝑦𝑦𝑦𝑦) = 4∙𝜋𝜋𝜋𝜋∙𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏2
𝑑𝑑𝑑𝑑𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅
∙
𝑑𝑑𝑑𝑑𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅∙(1−𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑))
0.75∙𝜋𝜋𝜋𝜋∙ 𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏3 = 3 ∙ (1−𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑))𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏      Equation 5.B.44 
The specific surface area only changes linearly with the liquid fraction when spherical bubbles 
are assumed. In case of dry foams bubble deformation becomes more dominant, thus the 
specific surface area increases rapidly with decreasing liquid fraction. A more precise estimate 
of a could be achieved by taking into account the osmotic pressure of the foam [14,23]. In case 
of low liquid fractions, further deviations from Eq. 5.B.44 might occur since in dry foams 
mainly Plateau borders and nodes are involved in the mass transfer, thus only a fraction of the 
bubble surface area might participate in the mass transfer [16, 24]. 
In order to describe the O2 and CO2 mass transfer in the foam, a mass balance for those 
components over both the liquid and gas phases (combined balance) is set up (Eq. 5.B.45). 
These mass balances are described over horizontal infinitesimally small slices of the reactor, 
expressing the flow of component i to and from the slice via the gas phase and the transfer rate 
of the component between the gas and liquid phase within the slice. Due to the assumption of 
ideally mixed liquid phase, liquid concentrations are the same in all slices. Additionally, the 
dilution rate for the continuous operation was taken into account for the liquid phase of each 
individual slice. In case the CO2 concentration in the inlet liquid flow rate, cCO2L,IN is the same 
as the outflow CO2 concentration cCO2L, the last term in Eq. 5.B.45 can be neglected. The effect 
of the mass transfer on the total volumetric gas flow is neglected, since the CO2 uptake and O2 
production rate are similar. The gas phase gradient in height can be expressed by Eq. 5.B.46. 
0 = −𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺 ∙ 𝑦𝑦𝑦𝑦𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝐺𝐺𝐺𝐺  (𝑦𝑦𝑦𝑦) + 𝑘𝑘𝑘𝑘𝐿𝐿𝐿𝐿𝑄𝑄𝑄𝑄(𝑦𝑦𝑦𝑦) ⋅ �𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖∗(𝑦𝑦𝑦𝑦) − 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿� ∙ 𝐴𝐴𝐴𝐴 ∙ 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 + 𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿 ⋅ 𝐴𝐴𝐴𝐴 ⋅ ℇ(𝑦𝑦𝑦𝑦) ⋅ 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 ⋅ (𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −  𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿)  
Equation 5.B.45 
𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖
𝐺𝐺𝐺𝐺(𝑑𝑑𝑑𝑑)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 =  𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖(𝑑𝑑𝑑𝑑)⋅�𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖∗(𝑑𝑑𝑑𝑑)−𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿�⋅𝐴𝐴𝐴𝐴+𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿⋅𝐴𝐴𝐴𝐴𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 ⋅ℇ(𝑑𝑑𝑑𝑑)⋅(𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿 ) 
𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺
    Equation 5.B.46 
For the liquid phase an overall reactor (macro)balance can be used as the liquid phase is ideally 
mixed, therefore liquid concentrations are constant at every location. Thus, the total amount of 
component i transferred between the gas and liquid phase can be described as the sum of the 
transferred amounts at each height. The total gas transferred equals to the production/uptake 
rate of that compound in the liquid phase of the reactor plus the additional flow of the compound 
due to continuous reactor operation and the resulting liquid flow rate (FL), as described in Eq. 
5.B.47. 
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0 = ∫ 𝑘𝑘𝑘𝑘𝐿𝐿𝐿𝐿𝑄𝑄𝑄𝑄(𝑦𝑦𝑦𝑦) ⋅ �𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖∗(𝑦𝑦𝑦𝑦) − 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿� ⋅ 𝐴𝐴𝐴𝐴 ⋅ 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦ℎ0  +  𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿,𝐴𝐴𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ⋅ 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 + 𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿 ⋅ (𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿) Equation 5.B.47 
To express the concentration difference determining the driving force for the gas-liquid mass 
transfer, instead of the gas phase concentration of a certain compound, the interfacial 
concentration (ci*) is applied since the liquid at the gas-liquid interface is in equilibrium with 
the gas phase (Eq. 5.B.45-5.B.47). Thus, for calculating the concertation in liquid phase near 
the gas-liquid interface Henry’s law is used, which relates the partial pressure of the compound 
in the gas phase to its concentration in the liquid phase via Henry’s coefficient (Eq. 5.B.48). 
The partial pressure is expressed as the total pressure multiplied with the gas molar fraction, 
which is the concentration of compound i in the gas phase divided by the molar density (MD) 
of the gas at 37 ˚C. 
𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
∗ = 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖
𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖
= 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇∙ 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖
= 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇  
𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖
∙
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝐺𝐺𝐺𝐺
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
       Equation 5.B.48 
The liquid phase concentration of CO2 required is determined by the Ks value. We selected a 
minimum CO2 concentration at five times the Ks value. This Ks value was determined by Shelp 
and Canvin at neutral pH and is based on CO2 only [49]. The liquid flow rate for the continuous 
operation was then assumed to contain HCO3- which is in equilibrium with the 5⋅Ks CO2 
concentration at the operational pH (6.7 for Chlorella sorokiniana), and therefore the inlet 
liquid also contains 5⋅Ks CO2. To achieve this desired liquid CO2 concentration, the inlet gas 
CO2 concentration requirements, CCO2Gin can be predicted by Eq. 5.B.46 and 5.B.47. 
The efficiency of CO2 uptake, representing the fraction of supplied CO2 taken up by microalgae, 
was calculated by Eq. 5.B.49. 
𝜂𝜂𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 =  (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝐺𝐺𝐺𝐺,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖         Equation 5.B.49 
For O2, the inlet gas concentration CO2G,in can be calculated assuming air enriched with the 
above calculated concentration of CO2. The inlet liquid medium during the continuous 
operation is assumed to be saturated with air. Therefore the eventual liquid O2 concentration 
can be determined, by several iterative cycles. Initially the assumption was made that in Eq. 
5.B.46, CO2L= CO2L,in since in the flow for continuous operation the O2 concentrations are really 
low compared to the gas phase concentrations. By this assumption, the gas phase O2 
concentration gradient could be calculated, which is used to determine the liquid phase 
concentration by Eq. 5.B.50, and the resulting liquid phase concentration was used in the next 
cycle. 
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𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝐿𝐿𝐿𝐿 = 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿,𝐴𝐴𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉⋅ 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿+𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿⋅𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿,𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼+ ∫ 𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖(𝑑𝑑𝑑𝑑)⋅𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖∗(𝑑𝑑𝑑𝑑)⋅𝐴𝐴𝐴𝐴⋅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ0  
𝑭𝑭𝑭𝑭𝑳𝑳𝑳𝑳+ ∫ 𝑏𝑏𝑏𝑏𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖(𝑑𝑑𝑑𝑑)⋅𝐴𝐴𝐴𝐴⋅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ0       Equation 5.B.50 
5.B.6 Energy Calculations 
The energy requirement of the simulated photobioreactor designs and operational conditions 
are determined by the gas blowers, liquid pumps to recirculate the liquid from the bottom to the 
top of the reactor, and the operation of a centrifuge for algae separation. 
For the power requirement for pumping liquid to a higher level the hydrostatic pressure, the 
liquid recirculation rate, and the pump efficiency was considered, as shown in Eq. 5.B.51.  
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 = 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅∙ℎ∙𝜌𝜌𝜌𝜌∙𝑎𝑎𝑎𝑎
𝜂𝜂𝜂𝜂𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
         Equation 5.B.51 
In order to aerate the photobioreactor, an air compressor or blower can be used. When adiabatic 
compression is applied on a di-atiomic gas, the power requirements expressed in watts can be 
calculated according to Eq. 5.B.52, in which the pump efficiency is incorporated. The pressure 
of the compressed gas has to equal to the hydrostatic pressure of the water column, therefore 
pF=ρ·h·g+PT , with all pressure units expressed in Pa.  
𝑃𝑃𝑃𝑃𝐺𝐺𝐺𝐺 = −2.5∙ 𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇∙𝐹𝐹𝐹𝐹𝑉𝑉𝑉𝑉�1−�𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇�27�
𝜂𝜂𝜂𝜂𝑉𝑉𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
       Equation 5.B.52 
The energy requirement for the algal separation per gram of dry algae produced (ESep, kJ g-1) 
was calculated assuming 1.5 kWh (5.4⋅106 joules) required to process 1 m3 of algal 
suspension with plate separators [19], as shown in Eq. 5.B.53 as ECx Sep, and Cx is expressed as 
g L-1. 
𝐸𝐸𝐸𝐸𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 = 𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒⋅10−6
𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥
= 5.4
𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥
       Equation 5.B.53 
The total energy requirements per gram of algae produced (E, kJ g-1) are therefore the sum of 
the above mentioned energy requirements for the liquid pump, gas blower, and algae 
separator, as shown in Eq. 5.B.54 (rxL,av in molx m-3 s-1, VL in m3, PL and PG in W). 
𝐸𝐸𝐸𝐸 =  𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿+𝑃𝑃𝑃𝑃𝑉𝑉𝑉𝑉
𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥
𝐿𝐿𝐿𝐿,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥∙ 𝑉𝑉𝑉𝑉𝐿𝐿𝐿𝐿 + 𝐸𝐸𝐸𝐸𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝       Equation 5.B.54 
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6.1 Advantages of a liquid foam-bed photobioreactor 
A liquid foam-bed photobioreactor holds several advantages compared to conventional, liquid 
phase photobioreactors for microalgae production. These advantages include the following:  
A) Increased gas transfer rate resulting in reduced gas supply requirements 
B) Low pressure drop leading to reduced gassing energy requirement and reduced 
material requirements due to the low hydrostatic pressure of the foam column 
C) Short light absorption path allowing for cultivation at high biomass densities 
A) Gas transfer rate 
The gas transfer rate between the gas and liquid phases in the foam-bed photobioreactor is 
described by the volumetric mass transfer coefficient (kLa). The measured kLa value in our lab-
scale foam-bed photobioreactor was 0.108-0.135 s-1, depending on the operational conditions. 
This kLa value is 6 fold higher compared to the kLa obtained in case the foam-bed 
photobioreactor was operated as a bubble column. The improvement of the mass transfer 
coefficient is even higher when comparing to kLa values determined in other studies [1]. The 
kLa value is the product of the liquid side mass transfer coefficient and the specific surface area. 
Since the foam offers a large interfacial area between the gas and liquid phases, the kLa values 
will be higher compared to conventional, liquid phase photobioreactors. The specific surface 
area in our lab-scale liquid foam-bed photobioreactor was 7142 m-1, which is 10 to 140 fold 
higher than in a bubble column reported by Perry et al. [2]. Although the specific surface area 
in foam-bed reactors is 10-140 times higher than in bubble columns the overall mass transfer 
coefficient is only 6 times higher. Apparently the mass transfer coefficient, kL, in foam-beds is 
lower than in  bubble column reactors. This reduction of the kL is related to the low superficial 
velocities [3], small bubble sizes and the additional resistance created by the surfactants leading 
to less a mobile interface and to a reduced diffusion coefficient in foam-beds [4, 5]. 
This increased mass transfer rate allows for the application of reduced gassing rates in the foam-
bed photobioreactor compared to conventional, flat panel photobioreactors. The superficial gas 
flow rate during our lab-scale experiments was 0.16-0.62 mm s-1. This superficial velocity is 
substantially lower compared to the ones applied in flat panel photobioreactors. For example, 
in a flat panel described by Ruiz et al. [6] a gassing rate of 0.32 vvm is applied, translating to 
2.7 mm s-1 superficial velocity. 
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B) Low pressure drop 
The low liquid fraction of the foam, which ranges  from 1 to 15%, ensures that the hydrostatic 
pressure of the foam column is much lower compared to water-filled flat panel 
photobioreactors. The measured liquid fraction in the foam-bed under the experimental 
conditions described in Chapter 4, applying 0.59 mm s-1 liquid recirculation superficial velocity, 
was approximately 12%. The resulting hydrostatic pressure of a foam-bed is more than 8 times 
lower compared to a flat-panel photobioreactor of the same height. Therefore, the carrier 
capacity of the structure supporting the photobioreactors can be considerably lower saving on 
construction costs of large-scale systems. Moreover, this low pressure drop in the reactor will 
also lead to a large reduction in energy costs for aeration. 
C) High biomass densities 
One of the main advantages of the foam-bed photobioreactor is that increased biomass densities 
can be reached compared to traditional photobioreactors. When adopting flat-panel 
photobioreactors in combination with a liquid foam-bed the light path is in the order of a few 
millimetres only. Consequently, the biomass concentration can be increased with one order of 
magnitude, reducing downstream processing costs. During our experimental studies, biomass 
densities between 20 and 25 g L-1 were obtained during chemostat cultivation experiments. This 
biomass concentration is substantially higher than the biomass concentration in conventional 
systems. Generally, in flat panel systems biomass concentrations between 2 and 3 g L-1 can be 
obtained while tubular photobioreactors are operated between 1 and 2 g L-1 biomass [6, 7]. In 
order to approach the biomass densities achieved in the foam-bed photobioreactor with 
traditional flat panel photobioreactors, a panel of only 2 mm depth should be built (Figure 6.1). 
However, practical limitations of gas transfer restricts the application of such thin reactors. Flat 
panels are usually 2-7 cm deep  [6, 8], and consequently the maximum achieved biomass 
concentration in those reactors are lower. 
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Figure 6.1. Model predictions of the fluence rate profile in a foam-bed and a flat panel under the same conditions: 
biomass density 30 g L-1 and light intensity 1500 μmol m-2 s-1. The light attenuation in a flat panel was modelled 
according to Lambert-Beers law.  
6.2 Foam-bed photobioreactor design 
The design of a liquid foam-bed photobioreactor is of key importance as it determines its 
productivity and energy requirements. In this thesis, two different foam-bed designs were 
tested. In the first design, the foam was lead from the top of the reactor to an external foam 
breaker, where the liquid phase of the foam was separated from the gas entrapped in the bubbles. 
The microalgal suspension was pumped back to the bottom of the reactor, where it was 
incorporated again in freshly formed foam. This design ensured continuous foaming for 8 hours 
and it was successful for microalgae cultivation when BSA was applied as a foam stabilising 
agent [9].  
The second reactor design was developed in order to i) compensate for the low microalgae 
partitioning to the foam phase when Pluronic F68 is applied as a surfactant, ii) enhance foam 
stability, iii) enable homogeneous surfactant distribution, and iv) eliminate the need of an 
external foam breaker. In this second design, the microalgae suspension was continuously 
pumped from the bottom of the reactor to the top of the foam column, where it was allowed to 
drain down again. This liquid recirculation allowed for homogeneous algae distribution in the 
foam column, thereby enhancing the algae concentration in foams stabilized by Pluronic F68. 
This liquid recirculation also gave the opportunity to break the foam on the top of the foam 
column by the liquid jets entering into the reactor. The additional liquid drainage also enhances 
the mixing in the foam, which is beneficial in order to improve mass transfer and avoid pH or 
dissolved O2/CO2 concentration gradients along the column. 
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Liquid recirculation is also required to increase foam stability. In preliminary experiments 
applying Pluronic F68 without liquid recirculation in the foam-bed photobioreactor, the foam 
stability decreased rapidly in time, and continuous foam formation could not be maintained. 
Due to the liquid recirculation, also surfactant accumulation in the top foam layers can be 
prevented. Surfactant molecules accumulate on the top of the foam column in case the foam is 
broken at the top [10]. This is because the surfactants adsorbed on the gas-liquid interfaces are 
released from the bursting bubbles, and their drainage back to the bulk liquid layer underneath 
the foam column is not efficient. When liquid recirculation is applied, these free surfactant 
molecules return  rapidly to the bulk liquid layer with the solution draining down through the 
column. The resulting homogenous surfactant distribution is a prerequisite for continuous foam 
formation. Additionally, when liquid recirculation is applied, more stable foams can be 
generated, because the liquid recirculation enhances the liquid fraction of the foams. In wet 
foams coalescence and coarsening is reduced. 
Besides the above-discussed design concepts, also other operational features play a role in the 
overall performance of a foam-bed photobioreactor. These include foam formation and foam 
break-up methods, which are essential elements for the operation of a foam-bed 
photobioreactor.  
6.2.1 Foam formation 
Regarding foam formation, surfactant selection was thoroughly studied in this thesis, however 
different foam generation methods were not investigated in detail. The gas distributor design 
has an influence on the bubble size distribution of the foams and also on the energy 
requirements for gas supply. 
In order to create bubbles by gas sparging through an orifice, a certain pressure has to be 
applied. This pressure difference is described by ΔP=2⋅γ/rorifice, where γ is the surface tension 
and rorifice is the orifice radius [11]. This equation shows that smaller orifices require higher 
pressures for bubble generation. The pressure requirement for bubble generation is 5800 Pa 
considering the lab-scale reactor applying a perforated plate with 15 μm pore radius. In 
comparison, to overcome the hydrostatic pressure of a 2 m height foam column, only 590 Pa 
gas pressure is required. The power demand for gas compression to meet the pressure 
requirement for bubble generation has not been included in the model evaluation presented in 
Chapter 5 but clearly cannot be neglected. The gas distributor, however, has not been optimized 
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yet. In case the orifice radius is increased to 100 μm, the pressure requirement for bubble 
generation can be reduced with a factor of 6.6 reaching a pressure drop of 870 Pa. 
A gas distributor plate with increased hole sizes is beneficial in terms of energy reduction for 
gas supply. Increasing orifice diameter would result in increasing bubble radius [11], leading 
to decreased liquid fraction of the foam, and therefore to suboptimal reactor operation 
conditions. Increased orifice size could be counterbalanced by the application of wetting 
orifices [11]. Wetting orifices have low contact angles with water, and their contact with the 
created air bubbles is minimal. This results in more confined gas streams and therefore smaller 
bubbles. Next to the wetting properties of the orifice, also the gas flow rates influence bubble 
sizes: higher gas flows result in bigger bubbles [11]. 
In the case of bubbling via several orifices (e.g. perforated plates) the bubble formation 
mechanism is complex since the pressure in the gas reservoir fluctuates and the gas bubbles 
also interact via hydrodynamic forces in the liquid phase. Therefore, the spacing and  
organization of the orifices also becomes dominant, which, together with the gas flow rate 
determine the bubble sizes and also the number of open orifices [11]. In contrast to perforated 
plates with uniform hole sizes, porous gas distributors own a diverse range of pore sizes. These 
gas distributors are more common and less costly. Porous distributors, however, create foams 
with polydisperse bubble size distribution, which might be prone to coalescence. Future studies 
therefore should focus on optimized and cost-effective gas distribution  for foam formation.  
6.2.2 Foam breaking 
An ideal foam breaker for the foam-bed photobioreactor does not contaminate the media and 
also does not require energy for its operation. Therefore, antifoaming agents and mechanical 
foam breakers are not preferred techniques. In this thesis, two promising techniques for foam 
breaking were tested. These include foam breaking by solid hydrophobic materials and foam 
breaking by liquid jets falling on the foam. Although the liquid recirculation is an energy 
requiring process, its application is required for ensuring high microalgae content in the foam. 
Therefore, using the recirculated microalgal suspension also as liquid jets for foam breaking to 
the foam does not require additional energy. 
The foam-breaking efficiency was not optimal in either of the foam-breaking methods tested. 
In the first design with an external foam breaker, the unbroken bubbles were returned to the 
reactor. Inefficient foam breaking in this reactor design might lead to CO2 depletion or O2 
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accumulation in the foam bubbles. In the second design applying internal foam disruption with 
liquid jets, inefficient foam breakage would result in overflowing foam exiting the reactor. To 
prevent the loss of microalgal culture contained within the unbroken foam, an additional foam 
level control was introduced. This was based on discontinuous gas supply: the gas flow was 
stopped in case the foam level was too high. The time period without gas supply allowed the 
bubbles that remained intact to collapse spontaneously. Although this strategy was efficient for 
foam volume control, temporarily stopping the CO2 supply introduced pH fluctuations, 
resulting in suboptimal growth conditions. Therefore, in future studies, an improved foam 
volume control has to be developed which does not require discontinuous gas supply.  
Foam breaking by the liquid jets can be further optimized by re-designing the top of the foam 
column. Stronger liquid jets can be achieved when the diameter of the liquid recirculation inlet 
tubes are reduced. However, too high jet velocities might result in shear stress for the microalgal 
cells and both aspects need to be balanced. When designing the reactor top, the liquid jets should 
be prevented to penetrate deep in the column: only the top foam layer needs to be destroyed. 
Generally, more efficient foam breaking can be achieved when the foam stability is reduced, 
which can be achieved by reduced surfactant concentration, reduced liquid recirculation rate 
and reduced gas flow rate. When this is not enough, and foam breaking is still inefficient, a 
combination of different foam breaking techniques needs to be used. Ultrasonic foam-breaking 
or mechanical foam breakers can also be used for foam volume control. Foam deconstruction 
can be induced by acoustic waves at a frequency of 20-30 kHz. Short ultrasonic pulses  in the 
order of milliseconds can already cause defoaming [12, 13].  Ultrasound in the same frequency 
range might affect the viability of microalgal cells under long-term exposure in the order of 
minutes [14]. Therefore, the intensity and exposure time has to be studied in order to determine 
whether ultrasonic foam breaking is possible without affecting cell integrity. Mechanical foam 
breakers, such as rotating disks or brush or comb type blades might also be applied [12], 
however, their application in a flat panel shaped foam-bed photobioreactor might be 
inconvenient and energy-intensive. 
The energy demand of ultrasonic and mechanical foam breaking seem to be relatively high 
suggesting that the most promising and energy-efficient technology is the combination of 
hydrophobic solids and liquid jets. The bubbles that rise above the height of liquid recirculation 
jets can be further destabilized on the top of the reactor with a rough, hydrophobic reactor top. 
Rough or sharp surfaces might further facilitate the penetration of the foam-breaking materials 
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to the liquid layer surrounding bubbles. For example, the application of needles can facilitate 
foam break-up [15]. 
6.3 Surfactants 
The surfactant applied for foam stabilization in the foam-bed photobioreactor has a great 
influence on the foam formation and breakup processes. Amongst 10 surfactants tested, the 
non-ionic surfactant Pluronic F68 showed the best properties in terms of low toxicity, low 
biodegradability, and good foaming properties. The drawback of the application of non-ionic 
surfactants, and therefore also of Pluronic F68 is the low microalgae partitioning towards the 
foam phase. This can be circumvented by incorporating a liquid recirculation in the design, 
which also ensures equal microalgae distribution in the reactor and a more wet and stable foam. 
Because of the recirculation the liquid phase in the reactor will be well mixed and the algae 
concentration will be equal in the foam phase and liquid layer underneath foam. Therefore, for 
future experiments related to surfactant selection for foam-bed photobioreactors, microalgae 
partitioning becomes irrelevant and should not be considered. 
6.3.1 Challenges of Pluronic F68 
Cultivation of C. sorokiniana in Pluronic F68 stabilized foams revealed that the foam stability 
and the liquid fraction of the foam declined in time during batch operation. Simultaneously, the 
concentration of Pluronic F68 was also decreasing (See Chapter 3, Appendix 3.E). Possibly the 
surfactant molecules are absorbed to specific reactor surfaces, or the surfactant is sensitive to 
physical/chemical degradation. Surfactant loss or degradation would lead to increased 
surfactant requirements, increasing the operational costs of the foam-bed photobioreactor. 
Therefore, it is essential to reveal the mechanisms responsible for the observed decline of the 
surfactant concentration. 
Preliminary experiments have shown that foam stability and liquid fraction were not influenced 
in the presence of 8.4 g L-1 C. sorokiniana dry weight concentration. This suggests that foam 
stability is not compromised in the presence of high biomass concentrations. Our results are in 
line with the findings of M. Vazquez, who demonstrated that the concentration of Pluronic F68 
is not affected by high biomass concentrations. Therefore, the decrease of foaming properties 
in time are not reasoned by surfactant absorption to the microalgal cells. In contrast, thermal 
degradation of Pluronic F68 was reported by B. Erlandsson. The degradation was observed at 
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a temperature of 40 ˚C over a period of several months [16]. This was confirmed by M. 
Vazquez, who observed short-term degradation at 37 ˚C [M. Vazquez, personal 
communication], which is the optimal temperature of C. sorokiniana [17]. As shown in our 
experiments microalgae cultivation is still possible at 37 ˚C in foams stabilized by Pluronic 
F68. Nevertheless, it could be argued that because of thermal degradation more surfactant is 
required at 37 ˚C than what would be needed at lower temperatures. In this context it should be 
noted that most microalgae have a lower optimal temperature than Chlorella sorokiniana [18].  
In case of strains with a  high temperature optimum, a surfactant other than Pluronic F68 might 
be more feasible. Surfactant selection should be focused on non-ionic surfactants with low 
toxicity. Natural surfactants and biosurfactants are generally not toxic [19]. Even some 
microalgal strains have the natural ability of foam production [20]. Algal surfactants are 
produced by healthy, exponentially growing cells, and the amount produced is dependent on 
the age of the culture, cell density and algal species [20]. It was also demonstrated that algal 
surfactants can generate stable foams with high microalgae content [21]. An example of a foam 
stabilized by algal substances is presented in Figure 6.2. Algal surfactants could contribute to a 
self-sustaining reactor, however, their biodegradability might limit their application and has to 
be studied. 
 
Figure 6.2. Foam with high microalgae content, stabilized by substances originating from a Neochloris spp. culture 
(photograph Niels-Henrik Norsker). 
6.3.2 Sensitivity to salinity 
The ideal surfactant for the foam-bed photobioreactor should be applicable under different 
conditions. Due to increasing freshwater scarcity, algae production with non-potable water is 
desired, and therefore seawater or wastewater are preferred [22]. However, the high electrolyte 
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concentration of seawater might affect the foam stability. It was shown that different ions can 
have adverse effect on the stability of foams formed by non-ionic surfactants [23, 24]. 
Therefore, we performed preliminary experiments to evaluate the effect of seawater on the 
stability of foam formed by Pluronic F68. The artificial seawater employed contained additional 
sodium chloride (NaCl) compared to freshwater medium [25], which resulted in an increase of 
ionic strength of  450 mM. In Figure 6.3 it can be seen that the bubble size, liquid fraction and 
stability of foams stabilized by Pluronic F68 were not influenced by the increased ionic strength 
of seawater medium. Pluronic F68 therefore offers the possibility of microalgae cultivation 
under saline conditions, broadening the applicability of foam-bed photobioreactors to marine 
algal strains. 
 
Figure 6.3. A) Foam stability expressed as foam volume destabilization in 1 hour B) liquid fraction of the foam C) 
average bubble size in the presence of fresh and seawater culture media. Experiments were carried out in the 
Foamscan (Teclis- IT Concept, Logessaigne, France), at 1 CMC Pluronic F68 concentration. The freshwater 
medium used was 3x concentrated M8a [9], while the seawater medium was adapted from [25] and contained in g 
L-1: NaCl 26; KNO3 3.4; Na2SO4 0.5; MgSO4⋅7H2O 0.73; CaCl2⋅2H2O 0.36; K2HPO4 0.43; NaHCO3 0.84; NaFeEDTA 
0.01; and the following in mg L-1: Na2- EDTA⋅2H2O 29.8, MnCl2⋅4H2O 3.8, ZnSO4⋅7H2O 1.2, CoCl2⋅6H2O 0.28, 
CuSO4⋅5H2O 0.33, Na2MoO4⋅2H2O 0.025; Biotin 0.025, vitamin B1 1.1, vitamin B12 0.135. The pH was adjusted 
with NaOH to pH 7.5. 
6.3.3 Surfactant re-use  
The price of Pluronic F68 can be as low as 2.5 $ per kilogram. When a Pluronic F68 
concentration of 0.5 CMC is used, the approximate price of surfactant per kilogram of algal 
biomass produced is 1.2 eurocents. In comparison, the operational energy requirements 
including gas supply, liquid recirculation and harvesting adds up to 0.8 eurocents per kilogram 
of biomass produced. This was calculated by converting the biomass specific energy 
requirement of a 5 cm deep foam-bed photobioreactor, 0.23 kJ g-1 to cost by employing an 
energy cost price of 0.122 € kWh-1 [6]. Although both cost factors are low compared to a cost 
of 3.4 € kg-1 calculated for a ‘traditional’ flat panel photobioreactor [6] surfactant costs are 1.5 
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times higher compared to the operational costs. A further reduction in cost price can be achieved 
when the surfactant is reused. 
Next to reduced costs the re-use of surfactants in general is a more environmental friendly 
solution. It has been found that, the surfactant molecules do not absorb to microalgal cells and 
remain in the liquid phase after cell separation by centrifugation [M. Vazquez, personal 
communication]. Consequently, surfactants could be re-used by recycling the complete 
cultivation medium after biomass separation. Medium recycling also offers the advantage of 
reduced water and nutrient demand [26]. In some cases microalgal growth in recycled medium 
is hindered because of the accumulation of inhibitory compounds [27]. But, according to other 
studies, the productivity of C. vulgaris and C. sorokiniana is not affected by medium recycling 
[28, 29]. Therefore, if medium recycling is possible with the cultivated algal strain, surfactant 
re-use by medium recycling is very attractive. By assuming that after centrifugation, a final 
biomass concentration of 220 g L-1 is achieved [30], approximately 92% of the surfactant 
molecules can be recycled (8% remains in the wet paste), resulting in less than 0.2 cents per kg 
of biomass produced.  
In the situation the recycled media has an inhibitory effect on the growth,  medium recycling is 
not a feasible option for surfactant recovery. This would require the specific removal of the 
inhibitory compounds while leaving the surfactant and inorganic matter in the recycled solution, 
which is not trivial. Instead, the surfactant molecules could be collected by foam-fractionation 
[31, 32] and thus making use of the surface active characteristic of surfactants. Although this 
would require an additional processing step and energy, the resulting concentrated surfactant 
stream could be re-used for foam formation.  
The surfactant content of the final, dried biomass is expected to be as low as 0.04% w/w based 
on the water content of the algal paste remaining after centrifugation. Further studies are 
required to determine whether the residual Pluronic F68 molecules would limit the application 
of the biomass grown in a foam-bed in the food and feed industry. Pluronic F68 is approved by 
the Food and Drug Administration (FDA) as a wetting agent and wash solution for fruits and 
vegetables, or as an additive to materials in contact with food [33].  Additionally, Pluronic F68 
is approved by FDA for intravenous injection [34]. 
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6.4 Guidelines operation foam-bed photobioreactor 
Several practical limitations in our lab-scale foam-bed photobioreactor restricted the 
experimentally achieved productivity. These include inaccurate foam level control, fluctuating 
pH values, biofilm formation, sub-optimal dilution rate and liquid recirculation rates, and high 
dark culture volume. The pH fluctuations can be reduced by improved foam breaking leading 
to continuous gas supply. Nevertheless, an active pH control should still be introduced. 
Additionally, the nutrient concentration in the growth medium should be increased to enable 
growth to even higher biomass concentrations. Elevated biomass concentrations allow for a 
reduced energy requirement for harvesting. In addition, liquid recirculation rates can be 
decreased resulting in a reduction  of the operational energy required. When 60 g L-1 biomass 
concentration could be achieved in the foam-bed photobioreactor, the productivity would 
increase and the operational energy requirements per gram of biomass produced would decrease 
by more than a factor of two (Chapter 5). The feasibility of a growth medium supporting such 
high biomass concentrations was already demonstrated during heterotrophic cultivation of 
microalgae, where biomass densities above 100 g L-1 were achieved [35]. 
In order to achieve maximal reactor productivity, the dark culture volume in the reactor has to 
be minimalized. Dark parts of the reactor include the liquid recirculation line and the liquid 
layer underneath the foam column. The dark culture volume present in the liquid recirculation 
tubes can be reduced by applying tubes with small diameter. Besides, the liquid layer on the 
bottom of the reactor has to be minimal. Above the gas distributor, a few centimetres of liquid 
layer has to be present to ensure continuous foam generation and liquid recirculation, resulting 
in notable dark liquid volume when the gas distributor is placed over the whole cross section. 
Therefore, gas distributors over only a reduced fraction of the cross section might be beneficial. 
These thin gas distributors has to be surrounded by steep reactor walls to avoid settling of algal 
cells on horizontal surfaces, as illustrated in Figure 6.4.  
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Figure 6.4. Conceptual reactor bottom for minimizing the non-illuminated culture volume. 
The dilution rate and liquid recirculation rate are key operational factors for the foam-bed 
photobioreactor, determining its productivity and energy requirements. In our experiments the 
liquid recirculation rate applied was  an order of magnitude higher compared to the optimal 
values determined in the model calculations. According to the model calculations, reduced 
liquid recirculation rates are expected to lead to an increase of the productivity and a decrease 
of the operational energy requirement. In order to evaluate the effect of reduced liquid 
recirculation rates on foam stability, foam-breaking efficiency and mixing properties, further 
lab-scale experiments are necessary. During our experiments with reduced liquid recirculation 
rates, the liquid distribution via the liquid inlet tubes was inhomogeneous. This problem can be 
circumvented by applying inlet tubes with reduced diameter ensuring equal flow, which also 
contributes to increased foam breaking efficiency. Reduced liquid recirculation rates also result 
in reduced liquid fractions and, consequently, reduced foam stability. The desired foam stability 
possibly can be restored with higher surfactant concentrations. Mixing in the reactor still 
remains a challenge, and therefore dissolved O2, CO2, temperature and pH gradients might take 
place. The mixing properties, including the extent of these gradients should be experimentally 
determined in order to assess the possibility of growth reduction due to sub-optimal cultivation 
conditions. When these practical challenges are solved, the predicted low energy requirements 
for microalgal production in foam-bed photobioreactors can be met in practice.  
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6.5 Outdoor application foam-bed photobioreactor 
Industrial cultivation of microalgae for the production of food, biofuels and chemicals requires 
large-scale outdoor reactors. Larger reactor modules lead to the reduction in initial investment 
costs of the reactor construction, since an increased amount of biomass can be produced within 
one single unit. Regarding the design of outdoor large scale reactors, several relevant issues 
will arise. These include foam generation and breakage, accurate pH and temperature control, 
equal liquid and gas distribution over the whole cross section of the reactor, material choice of 
large scale reactors, and positioning of the reactor modules. The greatest challenge foreseen in 
scaling up foam-bed photobioreactors is related to temperature control, which will be discussed 
in more detail.  
6.5.1 Scale-up principles 
The most important aspect of a large-scale foam-bed photobioreactor is related to its dimensions 
and design. Rectangular reactors, such as flat panels are suggested for scale-up purposes instead 
of cylindrical shape due to their easy scalability. A convenient way of scaling foam-bed 
photobioreactors is increasing their width and height. Reactor width can be increased without 
any influence on the operation. However, with increasing reactor height, coalescence of the 
foam bubbles will become more dominant. During the elongated time periods that bubbles rise, 
the pressure difference between adjacent bubbles increases and disproportionation takes place. 
Therefore, higher reactors will require increased surfactant concentrations while foam 
destabilization during rising to higher levels will facilitate foam breakage. Additionally, with 
higher reactors and given CO2 concentrations, the superficial gas flow velocity has to be 
increased to provide sufficient CO2 for algal growth. 
For energy-efficient operation of outdoor reactors, the liquid recirculation rate should be 
adjusted according to the solar irradiation. On cloudy days with low irradiance, the liquid 
recirculation rate could be reduced to ensure an optimal light profile, while on sunny days 
higher recirculation rates could increase the productivity. By applying a reduced liquid 
recirculation rate on cloudy days, a reduced liquid fraction and increased light penetration can 
be achieved to compensate for the lower light levels. Similarly, during the night, reduced gas 
flow rates and surfactant concentrations could be applied to facilitate foam break-up with 
reduced or completely without liquid recirculation. The absence of liquid recirculation during 
the night would lead to significant energy saving. 
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The foam-bed reactor modules, similar to large-scale flat panels, should be placed in parallel 
rows [36]. Parallel reactors can reduce light losses by reflection, because the reflected light 
from one panel can be absorbed by another reactor. Reactor orientation, spacing of the reactors 
and reactor height should be modelled an optimized in order to achieve maximal productivity 
of a panel. Tilting of the reactor surface for maximal perception of solar irradiance is not 
advantageous because the liquid would drain down along the back wall of the reactor leading 
to inhomogeneous liquid fraction distribution across the reactor depth. Light dilution by closely 
spaced reactors might be advantageous to eliminate photoinhibition and overheating during 
mid-day sunny hours. Flat panel foam-bed photobioreactors orientating east-west [8] might also 
contribute to reduced overheating at solar noon, where the maximal solar irradiation takes place. 
We learned from preliminary experiments that the material of the reactor wall has a direct 
influence on foam stability. Hydrophobic materials with large contact angles own a defoaming 
capacity, which might limit their application. The defoaming capacity of hydrophobic particles 
due to dewetting was reported earlier [23]. Optimally, an inexpensive plastic bag could be 
applied as a support for the foam. The low pressure of the foam column allows for the 
application of thin plastic films. For example low-density polyethylene could be applied, since 
it was used successfully for the construction of the Green Wall Panel photobioreactor design 
[37] and the Proviron photobioreactor concept [38]. However, plastics usually own a 
hydrophobic character, described by large contact angles [39]. When these materials are in 
contact with the liquid film surrounding the bubbles, the surface tension of the liquid in contact 
with the solid material is reduced which leads to foam collapse [40]. For applications as a 
support material, different plastic materials should be tested for their contact angles and 
defoaming capacities. Surface modification of plastic polymers might also be applied to render 
hydrophobicity [41]. However, the limited duration of these surface modifications which is in 
the range of hours or days [42, 43] might restrict their application. Alternatively, glass walls 
could be used because its hydrophilic nature and its low contact angle after a sulfuric acid 
peroxide treatment. Glass walls would increase the capital costs of foam-bed photobioreactors, 
however, their lifetime is longer than those of plastics. Contact angles of different materials are 
given in Table 6.1. However, it has to be noted that the foam breaking capacity of materials is 
related to the reduction of the surface tension of the surfactant-containing algal solution in 
contact with the given materials. This reduction in surface tension is related to, but not exactly 
reflected by the contact angles. 
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Table 6.1. Contact angles of different materials.  
Material Contact angle Reference 
Glass 51˚ [44] 
Glass treated with H2SO4-H2O2 mix 12˚ [45] 
Polyethylene (PE) 95˚ [39] 
Poly(methyl methacrylate) (PMMA) 65˚ [42] 
Polyvinyl chloride (PVC) 85˚ [46] 
Foam breaking materials (PTFE&PDMS) 100-116˚ [47, 48] 
Oxygen plasma treated PMMA <5˚ [42] 
Oxygen plasma treated PE 35˚ [49] 
UV initiated surface graft polymerization of PE <5˚ [50] 
6.5.2  Temperature control 
Heat accumulation in outdoor photobioreactors is an important issue, since high temperatures  
will inhibit algal growth and even lead to cell death. In photobioreactors with reduced liquid 
volume, heat can accumulate quickly. Therefore, it is important to apply cooling to remove the 
accumulated heat from the foam-bed photobioreactor. The temperature increase in the 
photobioreactor can be calculated based on the sunlight irradiance and the natural heat exchange 
of the photobioreactor with the environment via convection and radiation [51]. The detailed 
description of the heat-exchange of the foam-bed photobioreactor is presented in Appendix 6.A. 
During these calculations, different environmental conditions were considered by varying the 
sunlight irradiation, wind speed and ambient temperature. 
Our calculations show that without cooling, the temperature of the microalgal suspension 
increases rapidly: the temperature can rise in summer days to inhibiting values in the order of 
minutes. With a high wind speed of 6 m s-1, 25 ˚C ambient temperature, and a maximal daily 
irradiation of 900 W m-2, within 10 minutes the temperature of a C. sorokiniana culture will 
rise from 37 to 65 ˚C. 
In order to provide sufficient cooling, a tubular heat exchanger could be integrated  with the 
liquid recirculation line. In this case, the temperature of the microalgae solution drops while it 
is flowing through the recirculation tube and the temperature will increase again while the algae 
solution drains down in the foam-bed exposed to sunlight. Our results suggest that during the 
time the algal suspension drains down the foam column, the temperature increase of the 
suspension is already far beyond tolerable for the cells during solar noon (900 W m-2). In fact, 
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at an average wind speed of 3 m s-1, and an ambient temperature of 30 ˚C, the culture can only 
take 180 W m-2 before its temperature during drainage increases more than 8 ˚C. Integrated 
cooling in the liquid recirculation line therefore is not a feasible solution to prevent overheating 
of the cultures. 
In order to prevent overheating the whole surface area of the reactor must be used for cooling. 
For example, a cooling chamber could be introduced on one side of the reactor, in which cooled 
liquid is recirculated. This solution allows for continuous cooling, however, substantial energy 
requirements are involved when providing such a continuous water flow. In order to reduce the 
heating of the microalgal culture and the need for cooling liquid flow, near-infrared (NIR) filters 
could be applied [51, 52]. These filters allow for PAR transmission, while they reflect the NIR 
radiation efficiently. NIR filters allow for 50% reduction in incident solar energy, reducing the 
heat load by the same factor [52]. Integrating the photobioreactor within buildings also offers a 
solution for reduced temperature exchange needs because of the thermal exchanges between 
the building and the photobioreactor [53]. 
Alternatively, the reactor could be submerged in a large water volume [54]. The large water 
volumes has a buffering capacity preventing quick temperature changes. Therefore, for 
temperature regulations of the water pool, less energy requirements are expected.  However, 
when the foam-bed photobioreactor is in contact with a water column of higher hydrostatic 
pressure, thicker plastic walls should be applied.  In this case, the benefit of material cost 
reduction due to the low hydrostatic pressure of a foam-bed is lost, because the greater pressure 
of the water pool.  
6.6 Comparison foam-bed photobioreactors and advanced 
photobioreactor designs 
With the aim of achieving high biomass densities, several novel photobioreactor designs are 
currently under development (Figure 6.5). These include ultrathin flat-panels with a light path 
of 7.5 mm [55], ‘rain’ reactors based on falling droplets of algal suspension [56], biofilm 
photobioreactors [57], and thin-layer photobioreactors [58]. A comparison can be made 
between these photobioreactors in terms of biomass density, mass transfer, energy requirements 
for operation, and expected investment costs.  
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Porous substrate biofilm reactors (PSBR) are advanced biofilm photobioreactors that are based 
on immobilized microalgae cultivation on porous substrates. Next to algal attachment, these 
porous substrates allow for the diffusion of water and nutrients to the biofilm at the non-
illuminated surface. Compared to conventional biofilm reactor designs with a liquid layer 
between the gas and liquid phases, the PSBR biofilm is in direct contact with the gas phase, 
allowing for increased mass transfer, decreased cell detachment and higher light intensities. A 
great advantage of this system lies in the remarkably reduced liquid volumes applied and 
extremely high biomass densities achievable. Biomass densities between 150- 300 g L-1 can be 
achieved (Table 6.2), where the upper  limit corresponds to the maximal value restricted by the 
water content of the cells. The biomass specific energy needs for the liquid pumps are estimated 
to be 3.6 KJ g-1 dry biomass [59], which is significantly higher compared to the predicted energy 
needs of the foam-bed of 0.23 KJ g-1. Mass transfer takes place via the surface of the biofilm 
which is either open to ambient air [59], or is in contact with CO2 enriched air supplied to a 
closed chamber [60]. When high growth rates are desired, CO2 supply above air concentration 
is required. Drawbacks of these reactor types are the energy required for liquid pumps and the 
high material costs for the porous substrates [57]. 
The thin-layer photobioreactors are based on a flowing liquid film over a tilted surface [58]. 
The thickness of the algal suspension in lab-scale reactors is in the range of 1.5-2 mm, resulting 
in a specific surface area of 500 m-1. In outdoor systems the culture depth is increased to 6-8 
mm [61]. CO2 can be supplied to a closed chamber above the liquid film [58], or it can be 
sparged within the suspension in the liquid reservoir at the bottom of the slope [61]. In reactors 
equipped with a closed gas chamber reduced gas flow rates can be applied as a result of high 
mass transfer rates, long gas residence time and uncoupled culture mixing from gas supply. The 
main operational energy requirement for thin-film photobioreactors is related to the continuous 
liquid recirculation from the bottom to the top of the slope. According to our calculations based 
on an outdoor thin layer photobioreactor [61], the biomass specific energy requirement for the 
liquid pumps is approximately 2.9 KJ g-1. 
The rain reactor is based on spraying microalgal suspension on the top of several, stacked 
horizontal meshes. From the top of the reactor, the algae-containing liquid droplets are falling 
due to gravity. The meshes slow down the fall of droplets, thereby enhancing the residence time 
of the suspension in the reactor. Hanging droplets are formed on the meshes until the droplet 
grows big enough to fall due to gravity until the next mesh. The microalgal solution is circulated 
over the reactor by pumping the collected liquid from the bottom of the greenhouse to a liquid 
                Chapter 6 
189 
 
distributor above the meshes. Gas exchange takes place via the liquid droplets and the CO2 
enriched air present in the greenhouse [56]. The theoretical advantage of high biomass densities 
and biomass productivities of these reactors is not yet achieved in practice (see Table 6.2). The 
low culture volumes, enhanced mass transfer and short light path in the small droplets are 
beneficial characteristics of these systems. However, the large reactor volume, high material 
requirement for the construction of the greenhouse and of the meshes, the pumping energy 
requirement and the shading introduced by the meshes are introducing major challenges.  
Flat-panels with reduced culture depth are advantageous to reduce light path and achieve high 
biomass densities. The minimal depth of the photobioreactors is dictated by the size of the gas 
bubbles, generated for culture mixing and CO2 supply. A 7.5 mm deep photobioreactor was 
already reported for efficient microalgae production [55]. Thin flat-plate photobioreactors 
require vigorous mixing in order to achieve sufficient gas transfer capacity which also 
eliminates photo-damage by frequent light/dark cycling [62]. The gas flow rates applied are 
remarkably higher than the gas flow rates required for the liquid foam-bed, or the other reactors 
listed above.   
 
 
 
General discussion  
190 
 
Figure 6.5. Scheme of the different, advanced photobioreactor designs. A) rain reactor, B) thin flat panel, C) thin-
layer reactor, D) porous substrate biofilm reactor, E) foam-bed reactor. 
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Table 6.2. Optimal biomass concentration expressed as gram dry weight per litre of harvested culture volume, areal 
productivity and biomass specific energy requirements of the different type of photobioreactors. The presented 
numbers only serve as an indication of the capacity of the systems, since different light conditions were applied.  
 Rain reactor Thin flat 
panel 
Biofilm 
PSBR 
Thin Layer Foam-bedj 
Biomass conc. [g L-1] 26a 8b 27c 150-300e 40-50g 24i 30-60 
Areal productivity [g m-2 h-1] 3.0-6.1a 0.3-1.0b 4.6c 1.3e 1.6g 0.9i 2.8-3.1 
Energy requirements [KJ g-1] - 4.03c,d 0.07e,f-3.6f 2.53g,h -4.53i,h 0.11-0.23 
a model predictions for a sunny day disregarding light attenuation by the meshes [56] 
b experimentally achieved data under 500-530 μmol m-2 s-1 [56] 
c continuous light of 900 μmol m-2 s-1 [55] 
d Calculated with 0.85 vvm gas flow rate. 0.85 vvm was obtained by assuming the same volumetric gas flow rate 
demand reported for 2 cm deep reactors [6] and 0.75 cm reactors. 
e Biofilm continuous light of 1023 μmol m-2 s-1 [63] 
f Calculated with a liquid flow rate of 6 L-1 h-1 m-1 reactor module [59]. Lower limit represents our calculations for 
the productivity reported in the table, while the upper limit is a reported value under outdoor, low light conditions 
of 18-320  μmol m-2 s-1 at noon [59]. 
g obtained in an outdoor reactor under fed-batch operation under ~1200 μmol m-2 s-1  light intensity calculated for 
15 hours daylight period (24 hours average of 800 μmol m-2 s-1) [64]  
h Liquid flow rate is based on [61] 
i  obtained in an indoor photobioreactor 500 μmol m-2 s-1 as a daily average [58] 
j continuous light of 1500 μmol m-2 s-1 (model predictions of Chapter 5) 
The maximally achieved microalgae concentration in the harvest is remarkably higher in the 
biofilm PSBR compared to all other photobioreactor types (Table 6.2). The biomass density of 
thin flat panels, thin layer photobioreactors and rain reactors are below the theoretical capacity 
of a foam-bed. This is because the foam-bed has a shorter, adjustable light absorption path, 
which is dictated by the liquid recirculation rate applied. The light path in the foam-bed can be 
as low as 0.8-1.3 mm, which is reduced compared to the 7.5 mm presented for thin flat panels 
or 1.5-2 mm for thin layer photobioreactors. In terms of reactor areal productivity, thin flat 
panels, rain reactors and foam-beds are promising.  
The reactor volume required for the production of a given amount of biomass is an indicator of 
the investment costs for cultivation facilities. Largest reactor volume is required for the rain 
reactor, followed by the foam-bed due to the high gas holdup. However, foam-beds own a low 
pressure and therefore the material costs for their construction can be reduced. Besides reactor 
volume, the increased material requirement in rain and porous substrate reactors also contribute 
to the initial costs.  
Next to the investment costs, operational costs are determining the success of photobioreactors. 
PSBRs, foam-bed, thin-layer and the rain photobioreactors require liquid recirculation and 
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therefore energy for the operation of liquid pumps. In contrast, thin flat-panel photobioreactors 
are the only type that do not require liquid pumping, but they do require high gas supply rates 
for mixing and mass transfer. In the other reactor types besides the flat panels the residence 
time of the supplied gas in the photobioreactor is high, and therefore sufficient mass transfer 
can be achieved at low gas supply rates. These reactors are based on entrapping the gas phase 
in a closed environment to reduce the need for gas supply. The gas phase can only be entrapped 
in the reactor when the mixing of the culture is independent on the gas flow rates. For mixing 
in these reactors the liquid phase is circulated instead. In terms of energy requirements for gas 
supply, thin-films and biofilms with closed gas chambers, foam-beds, and rain reactors require 
less energy because of the low gas flow rates applied.  
The total energy requirement for gas supply, liquid recirculation and biomass separation is the 
lowest when biofilm reactors are applied (Table 6.2). However, harvesting large scale biofilm 
photobioreactors is challenging since the biofilms have to be scraped off regularly. In case of 
liquid phase based cultivation, including the foam-bed photobioreactor, the high density 
microalgal culture can be pumped out of the photobioreactor. Pumping the algal suspension 
offers an easier, automatized solution for harvesting the biomass. Although foam-beds require 
energy for the operation of both gas and liquid pumps, biomass production in these systems are 
still an order of magnitude less energy-intensive compared to thin-layers and thin flat panels.   
The mass transfer in foam-beds is improved compared to biofilm, thin-film or flat panel systems 
because of a higher gas-liquid surface area in liquid foam-beds. Regarding biofilm and thin 
layer photobioreactors, the interfacial area available for mass transfer equals to the light 
illuminated surfaces. In contrast, foam-beds and rain reactors have larger inner surfaces and, 
consequently, improved gas transfer rates can be achieved.  
One of the common features of all novel photobioreactor types lies in the reduced liquid 
volumes which allow for high-density microalgae cultivation. Reduction of culture volume has 
the advantage of a reduced water footprint and reduced requirements for operational energy and 
harvesting energy. Reduced culture volume stand in parallel with the need for effective cooling, 
and therefore all reactors with high surface to volume ratios will encounter the same challenge 
related to efficient and cost-effective temperature regulation during scale-up. Generally, these 
advanced photobioreactor designs have demonstrated that by applying reduced liquid volume 
and reduced light path, microalgae cultivation can become more efficient in terms of gas 
transfer, water demand and energy requirements compared to  traditional systems. 
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6.7 Conclusions 
Foam-bed photobioreactors can lead to a major reduction of the energy requirement for algal 
biomass production. When our predictions in terms of productivity and biomass density for 
foam-beds will be reached in large-sale reactors, foam-beds will be cost-efficient algae 
production systems. Although improvements are still required with respect to reactor design 
and control strategies, the experimental results and model predictions demonstrated the benefits 
of this novel concept. Improvements of the foam-bed photobioreactor should focus on 
optimized foam formation, foam break up and temperature regulation. These improvements 
will lead to increased productivities, biomass densities and consequently to reduced biomass 
production costs. Considering economic feasibility next to energy, water, nutrient and CO2 use 
efficiency, the concept of a foam-bed photobioreactor represents a competitive alternative to 
other recent innovations in photobioreactor design. 
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Appendix 6.A 
In our calculations, the thermal model developed by Goetz et al. [51] was applied, which links 
the temperature of the microalgal suspension (Ts) and the temperature of the glass reactor walls 
(Tg) to sunlight irradiance, convective heat transfer and radiative heat transfer (Equation 6.A.1, 
6.A.2 and 6.A.3). The heat transfer of a flat panel foam-bed photobioreactor was modelled 
which is illuminated by sunlight from one side. This model was further modified to include the 
evaporative heat transfer taking place in the foam bubbles. We assumed that the bottom and top 
side of the flat panel photobioreactor did not participate in heat transfer. The parameters applied 
in the model are presented in Table 6.A.1. 
The sunlight radiance is composed of radiations in the ultravoilet (UV), photosynthetically 
active (PAR) and near infrared (NIR) ranges, accounting for 5%, 45% and 50% of the total 
radiation. Because the photosynthetic efficiency of a microalgae culture is around 5-13 % of 
the PAR region [65], only a small fraction of sunlight irradiation is converted to biomass and 
more than 95% of the total absorbed light is converted to heat [53]. Therefore, in the thermal 
model all irradiation was assumed to contribute to heat production. 
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎 ⋅ 𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎 ⋅ 𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃
𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
= 𝑞𝑞𝑞𝑞 ⋅ 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ 𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎 − 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎 ⋅ 𝜎𝜎𝜎𝜎 ⋅ 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 ⋅ �𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎4 − 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐4� − ℎ𝑎𝑎𝑎𝑎 / 𝑐𝑐𝑐𝑐 ⋅ 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 ⋅ �𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐� − ℎ𝑎𝑎𝑎𝑎/𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 ⋅ �𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� 
          Equation 6.A.1 
𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐 ⋅ 𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐 ⋅ 𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃
𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
= 𝑞𝑞𝑞𝑞 ⋅ 𝐴𝐴𝐴𝐴𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 ⋅ 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐 ⋅ 𝜏𝜏𝜏𝜏𝑎𝑎𝑎𝑎 − ℎ𝑎𝑎𝑎𝑎/𝑐𝑐𝑐𝑐 ⋅ 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 ⋅ �𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐� − ℎ𝑎𝑎𝑎𝑎
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�
⋅ 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 ⋅ �𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎�+ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 Equation 6.A.2 
ℎ 𝑎𝑎𝑎𝑎
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�
= 5.7 + 3.8 ⋅ 𝜈𝜈𝜈𝜈        Equation 6.A.3 
The heat removed by evaporation of water (qevap) within the foam phase was calculated taking 
into account the superficial gas flow velocity (FG), and the inlet and outlet humidity (RH). Based 
on the ambient temperature, the air saturation pressure (Psat) was determined (Equation 6.A.4). 
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 = (𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 ⋅ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖) ⋅ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡 ⋅ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖 ⋅ 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺 ⋅ 𝛥𝛥𝛥𝛥ℎ𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎   Equation 6.A.4 
The sunlight emission (q), wind speed (ν), and air temperatures (Tamb) are location dependent. 
When considering a location in Perpignan, southern France, the wind speed falls in the range 
of 0-6 m s-1. The sunlight irradiation can reach up to 1000 W m-2 on a sunny summer day, while 
the maximum ambient temperature can be above 30 ˚C [51]. Generally, vertical reactor panels 
receive less light illumination compared to the ground surface of the same area since the 
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sunlight does not fall perpendicular on the reactor surface. However, it is possible that vertical 
panels of north-south orientation intercept 1000 W m-2 during noon hours [8]. 
The time required for the recirculated microalgae solution to drain down along the foam is 
defined by the residence time of the recirculated liquid in the foam column. When considering 
a superficial liquid recirculation rate of 0.052 mm s-1, and a 2 m high reactor filled with foam 
with a liquid fraction of  3% , the residence time is 19 minutes. Therefore, the temperature 
increase of the microalgae suspension has to be determined for the 19 minutes time period. 
Table 6.A.1. Parameters applied in the thermal model. 
Symbol Description Value Unit 
w Reactor width 1 M 
d Reactor depth 0.05 M 
h Reactor height 2 M 
ρg Density glass 2500 kg m-3 
ρS Density solution 1000 kg m-3 
Vg Volume glass ( =Atot⋅0.005) 0.0213 m3 
Vs Volume solution (=ε⋅w⋅d) 0.025  m3 
Cpg Specific heat capacity glass 720 J kg-1 K-1 
Cps Specific heat capacity solution 4180 J kg-1 K-1 
Tamb Ambient temperature (25 ˚C) 298.15 K 
t Time 1154 s 
εg Emissivity 0.92 - 
σ Boltzmann constant 5.6703⋅10-8 W m-2 K-4 
Aill Illuminated area (w⋅d) 2 m2 
Atot Total surface area (=2⋅w⋅d+2⋅d⋅h+w⋅d) 2 m2 
hg/s Convection heat exchange coefficient 290 W m-2 K-1 
αg Absorptivity glass 0.05 - 
αs Absorptivity solution 1 - 
τg Transmittivity glass 0.9 - 
Tsky Sky temperature (=0.0552⋅Tamb1.5) 284.18 K 
Tmax Maximal temperature allowed (40 ˚C)  313.15 K 
ε Liquid fraction 0.025 - 
Ptot Atmospheric pressure 101325 Pa 
Psatin Saturation pressure at Tamb 3169.9 Pa 
Psatout Saturation pressure at Tmax 7384.9 Pa 
RHin Relatiove humidity in the ingoing gas 60 % 
RHout Relatiove humidity in the outgoing gas 100 % 
MDair Molar density of air at 37 ˚C 39.3 mol m-3 
MWwater Molar weight water 18 g mol-1 
Jg Superficial gas velocity 5 10-4 m s-1 
Fg Volumetric gas flow rate 2.5 10-5 m3 s-1 
Δhevap Evaporation heat at 40˚C 2405.87 
[66] 
J g-1 
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Microalgae are a promising feedstock for bulk materials, such as chemicals, fuels or feed 
constituents. However, currently the application of microalgae is limited to the production of 
high-value products because of the high production costs of algal biomass. In order to reduce 
the production costs of microalgae, we have developed a novel photobioreactor. This design is 
based on the application of liquid foams as a growth matrix for microalgal cells instead of a 
continuous liquid phase. Liquid foam-bed photobioreactors own several advantages over 
traditional, liquid phase based cultivation systems. Firstly, the high gas holdup of liquid foams 
leads to a reduced light absorption path in the foam-bed.  Due to this short optical path, high 
biomass densities can be achieved, which results in the reduction of downstream processing 
costs of microalgal biomass. Secondly, the large interfacial area offered by liquid foams 
contributes to enhanced mass transfer rates.  High mass transfer rates together with the low 
hydrostatic pressure of foam columns allow for a reduction in gassing energy requirements. 
Thirdly, in foam-beds, increased CO2 uptake efficiency can be achieved because of the long 
residence time of the gas phase in the reactor. Lastly, the low pressure drop in foam-bed 
photobioreactors also contribute to reduced material requirements for the construction of the 
photobioreactor. 
The proof of principle of a liquid foam-bed photobioreactor is presented in Chapter 2. The 
most important aspect of the design of such a reactor was found to be foam formation and break-
up. For foam formation, a surface active protein, Bovine Serum Albumin (BSA) was added to 
the microalgae suspension. Foam was created by homogenous distribution of small gas bubbles 
rising through a liquid phase containing surfactant. Due to the continuous gas supply, the 
created foam-bed rises in the reactor. When the foam reached the top of the reactor, the gas 
phase entrapped in the foam bubbles needed to be refreshed in order to supply sufficient amount 
of CO2 for photosynthetic microalgal growth and to remove the accumulated O2. As such, the 
foam was transported from the top of the reactor towards a foam breaking device. In this 
external foam breaker, the foam bubbles were broken and the deliberated algal suspension was 
pumped back to the bottom of the reactor where it was incorporated again in freshly formed 
foams. For foam breaking, different methods were tested, and a packed bed with hydrophobic 
beads appeared to be the most suitable for the foam-bed photobioreactor. The optimal gas flow 
rate and the surfactant concentration in the reactor was experimentally determined to allow for 
the formation of a stable but breakable foam. The developed reactor enabled short-term 
microalgae cultivation. An average growth rate of 0.1 h-1 was achieved during 8 hours of batch 
reactor operation. Longer operation was not possible due to the degradation of the protein 
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applied for foam stabilization. BSA showed rapid biodegradability by bacteria and also the 
protein molecules might have denatured due to the physical forces exerted by foaming. 
The rapid degradability of BSA revealed the need for a surfactant that allows for long-term 
operation of the foam-bed photobioreactor. Therefore, in Chapter 3, we focused on the 
selection of a surfactant that enables foam stabilization for elongated time periods. Firstly, four 
criteria were identified for a suitable surfactant: i) it should have good foaming properties; ii) it 
should not be toxic to the microalgal cells; iii) it should not be rapidly biodegradable, iv) 
microalgal cells should be dragged up with the foams formed. Ten different surfactants were 
tested for these criteria. Amongst these surfactants, the non-ionic poloxameric surfactants 
exhibited good foam properties, low biodegradability and lack of toxicity. Overall, Pluronic 
F68 showed the best properties and was selected as the most promising surfactant for the foam-
bed photobioreactor. However, the Pluronic formed foams had low microalgae content since 
the foams did not drag up algal cells efficiently.  
In Chapter 4, we focused on the application of Pluronic F68 for foam stabilization in an 
optimized liquid foam-bed photobioreactor. We demonstrated that this surfactant can ensure 
long term-foam formation and therefore also long-term reactor operation. The low microalgae 
partitioning towards the Pluronic F68 stabilized foam phase was circumvented by  introducing 
a liquid flow over the foam-bed. The microalgae suspension was pumped from the bottom of 
the reactor to the top, where it was distributed homogenously over the foam column and allowed 
to drain down through the foam-bed. This liquid recirculation resulted in a more wet foam with 
homogenous microalgae distribution in the reactor. The streams of the recirculating liquid 
falling on top of the foam bed also served as a foam breaking method, thereby eliminating the 
need for an external foam breaker. The application of Pluronic F68 and the improved 
photobioreactor design enabled us to further characterize and reveal the potential of foam-bed 
systems. During continuous cultivation of Chlorella spp., biomass densities between 20 and 25 
g L-1 were maintained for more than three weeks. A biomass productivity of 57 g m-2 d-1 was 
achieved even though operational parameters such as dilution rate and liquid recirculation rate 
were not optimized. The mass transfer rate in the reactor was an order of magnitude higher than 
in bubble column reactors. The improved reactor design revealed the potential of liquid foam-
bed reactors such as the possibility to achieve high biomass densities, long gas residence times, 
and enhanced mass transfer rates. 
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In order to quantify the cost reduction related to biomass production in liquid foam-beds, a 
mathematical model was developed in Chapter 5. Algal growth was modelled in a continuously 
operated flat panel foam-bed photobioreactor at constant biomass densities. Similarly to the 
reactor design in Chapter 3, liquid recirculation was also incorporated in the modelled 
photobioreactor. Firstly, the liquid fraction distribution in height was calculated as a 
prerequisite for the determination of the light penetration. Based on the light availability in the 
photobioreactor, the microalgal growth and reactor productivity was predicted. Lastly, the gas 
transfer rates and CO2 requirements were calculated to ensure light limited algal growth. The 
liquid fraction and light model were experimentally validated. Model calculations showed that 
the areal productivity of the foam-bed photobioreactors are slightly lower compared to those of 
flat panels, which is related to light scattering in foams. However, in liquid foam-beds the 
biomass specific energy requirement for microalgae production and separation was calculated 
to be only 8.5% of those in flat panel photobioreactors. The reduced energy requirements are 
related to the increased biomass density and gas transfer rate in the foam-bed photobioreactor. 
The high biomass densities (30-60 g L-1) allow for the reduction of downstream processing 
costs, and the large surface area contributes to increased gas transfer rates and thereby to a 
reduction in gas supply rate. In addition, a high CO2 uptake efficiency of 97% ensures that 
minimal CO2 is lost. The reduced energy requirements for biomass production highlighted the 
potential of liquid foam-bed photobioreactors as an economically feasible microalgae 
production system. 
In Chapter 6, the obtained results were discussed and the application of foam-beds at large 
scale was evaluated. The most important aspects of liquid foam-bed photobioreactors, such as 
foam formation and foam break-up were discussed in detail, and suggestions were given to 
improve those. For example, we showed that the orifice radius of the gas distributor plate has 
to be increased to lower the pressure drop. Additionally, increased foam breaking efficiency 
achieved by the combination of hydrophobic solids and liquid jets as foam breaking methods 
can eliminate pH fluctuations and thereby improve productivity. We also concluded that the 
implementation of reduced liquid recirculation rates is essential for achieving low biomass 
specific energy requirements. We showed that surfactant re-use by medium recycling can 
reduce the biomass production costs and that a cooling chamber integrated on one side of the 
reactor is a prerequisite to for adequate control of the culture temperature. Additionally, 
different advanced photobioreactor designs were compared with the liquid foam-bed 
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photobioreactor. Based on this comparison we concluded that liquid foam-beds can offer a cost 
effective large-scale microalgae production platform.
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